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The o n ly  p r e v i o u s l y  known compounds o f  t e r v a l e n t  
u ran ium  were p r e p a r e d  i n  t h e  d r y  way "because o f  t h e i r  
r a p i d  o x i d a t i o n  hy  a i r  o r  w a t e r ,  and th e  p r e p a r a t i o n  
o f  h y d r a t e d  s a l t s  h a s  "been th o u g h t  i m p o s s i b l e .
T h is  work r e p o r t s  th e  p r e p a r a t i o n s ,  and m a g n e t ic
and s p e c t r a l  p r o p e r t i e s  o f  t h e  f o l l o w i n g ,  m a in ly  h y d r a t e d
compounds o f  t e r v a l e n t  u ran iu m :  (a )  u r a n i u m ( i l l )  s u l p h a t e
o c t a h y d r a t e  and d i h y d r a t e :  and th e  r e l a t e d  s p a r i n g l y
s o l u b l e  doub le  s u l p h a t e s  Mo-S0,. .Uo (S0, )- , .xHo0 (M = h a ,£ Lv ^ 4  d £
K, Rbs C s , m ^ 9 and and K5U(SO,( ) ^ .  'HgO* §
(b)  t h e  ' p u r p l e '  d o u b le  c h l o r i d e s  MUC1, .I4.-5HUO (M = K, 
k b ,  and hH^),  and th e  ' g r e e n '  d o u b le  c h l o r i d e s  MUCl^.ca«6HpO 
(M = Rb and NH^); and -('c) the  f i r s i - u r a n i u m ( I I I ) ,  complexes  
w ish  o r g a n i c  l i g a n d s ,  h e x a k i s ( p h e n a s o n e ) -  and h e x a k i s -  
( l i -am inophena3o n e ) ~ u r a n i u m ( l I I )  c h l o r i d e .
These compounds were i s o l a t e d  from aqueous 
u r a n i u m ( l l l )  s o l u t i o n s  o b t a i n e d  by  e l e c t r o l y t i c  r e d u c t i o n .  
A ll  p r e p a r a t i o n s  have been  c a r r i e d  ou t  u n d e r  n i t r o g e n  
to  p r e v e n t  a e r i a l  o x i d a t i o n .  O x i d a t i o n  by w a t e r  ha s  
b e e n  m in im ised  by i s o l a t i n g  t h e  compounds as r a p i d l y  
as  p o s s i b l e ,  and by  t h e  u s e  o f  c o l a  s o l u t i o n s  and 
c a r e f u l l y  p u r i f i e d  r e a g e n t s .
U r a n i u m ( I I l )  s a l t s  su ch  as t h e  s u l p h a t e s  and one 
s e r i e s  o f  c h l o r i d e s  a r e  o l i v e - g r e e n  where w a t e r  a l o n e  i s  
c o o r d i n a t e d c  These  compounds have  v e r y  s i m i l a r  r e f l e c t a n c e
- . 3  -
and s o l u t i o n  s p e c t r a .  The p u r p l e  c o l o u r  o f  th e  o t h e r  
s e r i e s  o f  c h l o r i d e s  which i s  m a in ly  due t o  a "broad 
i n t e n s e  hand a t  1 8 s0 0 0 c m . a b s e n t  i n  t h e  o t h e r  s a l t s 5 
i s  th o u g h t  t o  he  due to  th e  e f f e c t  o f  c o o r d i n a t e d  
c h l o r i d e  on th e  f  -  d t r a n s i t i o n s .
I n f r a - r e d  s p e c t r o s c o p y  h a s  shown t h e  p r e s e n c e  o f  
c o o r d i n a t e d  ( h i d e n t a t e )  s u l p h a t e  i n  K^U
(S0U V
h u t  t h a t  t h e  s im p le  s u l p h a t e s  and th e  o t h e r  d o u b le  
s u l p h a t e s  c o n t a i n  o n ly  i o n i c  s u l p h a t e ,
’P u r p l e ’ RhUCl^.4-5H20 h a s  f a r  i n f r a - r e d  a b s o r p t i o n s  
a t  2 3 0 c m . a n d  196cm.- 1  c o n s i d e r e d  t o  he  due t o  U -  G1 
s t r e t c h i n g  v i b r a t i o n s .
The u r a n i u m ( I I l )  s u l i i h a t e s , d o ub le  s u l p h a t e s  and 
d ou b le  c h l o r i d e s  show s i m i l a r  m a g n e t i c  b e h a v i o u r .  T h e i r  
moments a t  room t e m p e r a t u r e  a r e  a p p r e c i a b l y  lo w e r  t h a n  
the  f r e e  u r a n i u m ( l l l )  i o n  v a l u e ,  and t h e y  d e c r e a s e  w i t h  
t e m p e r a t u r e .  These compounds obey th e  C u r ie - W e is s  law 
b u t  w i t h  l a r g e  0 v a l u e s  and be low  abou t  120°K t h e  p l o t s  
c u rv e  tow ards  t h e  t e m p e r a t u r e  a x i s .  The c u r v a t u r e  and 
l a r g e  © v a l u e s  a re  th o u g h t  t o  a r i s e  f rom l i g a n d  f i e l d  
e f f e c t s  r a t h e r  t h a n  f rom  i n t e r m o l e c u l a r  a n t i f e r r o m a g n e t i s m .
The a u t h o r  w i s h e s  t o  t h a n k  t h e  Head o f  t h e  
C h e m is t r y  D e p a r tm e n t ,  P r o f e s s o r  JoE .  Sa lmon,  f o r  h i s  
k i n d n e s s  and  i n t e r e s t  i n  t h e  w o rk , and h i s  s u p e r v i s o r s ,  
Dr,  Lolc L a rk w o r th y  and Dr.  J e L  B u l l o c k ,  f o r  t h e i r  
c o n s t a n t  h e l p  and g u id a n c e  w i t h o u t  which  t h i s  work 
would n o t  h ave  b e e n  p o s s i b l e .  Thanks a r e  a l s o  due t o  
t h e  g l a s s - b l o w e r s  and t o  t h e  o t h e r  T e c h n i c a l  S t a f f  o f  
t h e  D e p a r tm e n t ,
F i n a l l y ,  t h e  a u t h o r  w i s h e s  t o  t h a n k  h i s  w i f e ,  J o a n  
f o r  a l l  h e r  encouragem en t  and f o r  t y p i n g  t h e  m a n u s c r i p t
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CHAPTER 1 
I N T R O D U C T I O N
-  8 -
1.  G e n e r a l  I n t r o d u c t i o n  .
A l th o u g h  t h e  c h a r a c t e r i s t i c  o x i d a t i o n  s t a t e  o f  th e  
a c t i n i d e s ,  l i k e  t h a t  o f  t h e  l a n t h a n i d e s ,  i s  t h e  +3 
s t a t e ,  i t  does n o t  become o f  im p o r t a n c e  u n t i l  u r a n iu m  
i s  r e a c h e d .  The e x i s t e n c e  o f  more s t a b l e ,  h i g h e r  
o x i d a t i o n  s t a t e s  f o r  th e  e a r l i e r  members o f  th e  a c t i n i d e  
s e r i e s  h a s  b e e n  a t t r i b u t e d  t o  th e  r e l a t i v e l y  lo w er  
b i n d i n g  e n e r g i e s  o f  t h e  5 f  e l e c t r o n s  compared w i t h  th e  
i | f  e l e c t r o n s  i n  th e  l a n t h a n i d e s  ( 1 ) .
OXIDATION STATES FOR THE ACTINIDES AND LANTHANIDES
La Ce P r  Nd Pm Sm Eu Gd Tb Dy Ho E r  Tm Yb Lu
(2) (2) 2 2 (2!
2 2 2 2 2 2 2 -v-2 2 2 2 2 2
b (b) W (k)
Ac Th Pa u Np Pu Am Cm Bk Cf Es Pm Md
2  (3) 3 3 3 2 2 .2 2 2 2
h k Lj- h it (b) (h) k k
2 3 2 5 p:
6 6 6 6
B r a c k e t s  i n d i c a t e  t h a t  th e  o x i d a t i o n  s t a t e  i s  known i n  
s o l i d s  o n ly .
U n d e r l i n i n g  i n d i c a t e s  th e  most  s t a b l e  s t a t e  i n  aqueous  
s o l u t i o n .
The +3 o x i d a t i o n  s t a t e  o f  the  a c t i n i d e s  h a s  b e e n  
l i t t l e  i n v e s t i g a t e d ,  s i n c e  th e  l i g h t e r  members a r e
-  9 -
r e a d i l y  o x i d i s e d  by  a i r  and w a t e r ,  w h i l s t  t h e  h e a v i e r  
members a r e  h i g h l y  r a d i o - a c t i v e  and th u s  d i f f i c u l t  to  
h a n d l e ,  and n o t  g e n e r a l l y  a v a i l a b l e .  The s t a b i l i t y  o f  
th e  h i g h e r  o x i d a t i o n  s t a t e s  d e c r e a s e s  a lo n g  th e  s e r i e s ,  
so  t h a t  a t  am eric ium  t h e  +3 s t a t e  i s  t h e  most  s t a b l e ,  
compared w i t h  th e  +6 s t a t e  f o r  u ran iu m .  The +3 s t a t e  i s  
th e  o n ly  one r e c o g n i s e d  i n  aqueous s o l u t i o n  f o r  cu r ium .  
For  b e r k e l i u m  however ,  t h e  +h s t a t e  i s  s t a b l e  i n  aqueous  
s o l u t i o n  and t h i s  can be e x p l a i n e d  i n  te rm s  o f  th e  i o n
Q
a t t a i n i n g  a h a l f - f u l l  5 f  s h e l l .  I t  i s  i n t e r s t i n g  to  n o t e  
t h a t  u n t i l  r e c e n t l y  t h e r e  was l i t t l e  e v id e n c e  o f  a +3 
s t a t e  f o r  th o r iu m  -  t h e  +k s t a t e  p r e d o m i n a t e s  -  b u t  th e  
e x i s t e n c e  o f  th e  lo w er  i o d i d e s ,  Thl-^, Thl^? and a l s o  a 
lo w er  s u l p h i d e  ^  (3 ) b a s  now b e en  e s t a b l i s h e d .
T h ere  i s  no e v id e n c e  f o r  th e  e x i s t e n c e  o f  a +3 o x i d a t i o n  
s t a t e  f o r  p r o t a c t i n i u m  e i t h e r  i n  s o l u t i o n  o r  i n  s o l i d
compounds. F o r  t h e  e l e m e n t s  Ss to  Lw, which  a r e  a t
\
p r e s e n t  a v a i l a b l e  o n ly  i n  e x t r e m e l y  m in u te  q u a n t i t i e s ,  no 
d e f i n i t e  compounds have  b e e n  r e c o r d e d ,  a l t h o u g h  th e  
i n d i c a t i o n s  a r e  t h a t  th e  +3 s t a t e  p red o m in a te s . ,
S u r p r i s i n g l y  fey/ u r a n i u m ( l l l )  compounds have  
b e en  r e p o r t e d  a l t h o u g h  u ra n iu m  i s  one o f  t h e  most  w e l l  
s t u d i e d  e l e m e n t s .  U r a n i u m ( l l l ) , e l e c t r o n  c o n f i g u r a t i o n ,  
[Rn[ 3 f ^ j  i s  th e rm o d y n a m ic a l ly  u n s t a b l e  tow ard s  o x i d a t i o n  
b y  b o t h  a i r  and w a t e r .  The f o r m a l  p o t e n t i a l s  f o r  th e  
r e a c t i o n :  U-;>+ U^+ + e
have  b e e n  e s t i m a t e d  (k) by  a p o l a r o g r a p h i c  method t o  
be - 0 . 6 3 1 v  i n  1M HClOj^ and -0.6lf.0v i n  1M HC1 a t  25°«
-  10 -
Uranium ( I I I )  i s  t h u s  a p o w e r f u l  r e d u c i n g  a g e n t ,  I t s  
c h e m is t r y  h a s  b e e n  l i t t l e  s t u d i e d  i n  aqueous s o l u t i o n ,  
and th e  o n ly  compounds, o f  u r a n i u m ( l l l )  p r e v i o u s l y  known 
were p r e p a r e d  i n  th e  d r y  way*
S i m i l a r l y  t h e  c h e m i s t r y  o f  n ep tu n iu m  ( I I I )  h a s  "been 
l i t t l e  i n v e s t i g a t e d  a p a r t  f rom  th e  compounds p r e p a r e d  
i n  the  d ry  way. L ik e  u r a n i u m ( l l l ) ,  n ep tu n iu m  ( I I I )  i s  
r e a d i l y  o x i d i s e d  h u t  i s  s t a b l e  tow ards  w a t e r  p r o v i d e d  
oxygen i s  a b s e n t .  More i s  known o f  th e  c h e m i s t r i e s  o f  
p l u t o n i u m ( l l l )  and a m e r i c i u m ( l l l ) , a l t h o u g h  i n v e s t i g a t i o n s  
a r e  s t i l l  i n  t h e i r  e a r l y  s t a g e s .
2 .  Compounds P r e p a r e d  i n  t h e  Dry Way
(a)  C h l o r i d e s
The c h e m i s t r y  o f  th e  s im p le  b i n a r y  compounds o f
t e r v a l e n t  u ran iu m  has,) b e e n  d e s c r i b e d  i n  a number o f
s t a n d a r d  t e x t s  ( 5 - 8 ) ,  I n  s u r v e y i n g  th e  l i t e r a t u r e
c o n c e r n in g  th e  c h e m i s t r y  o f  t e r v a l e n t  u ran iu m  i t  i s
r e m a rk a b le  t o  f i n d  t h a t  th e  h a l i d e s  UC1-. and UBr_ were3 3
amongst the  e a r l i e s t  u ran iu m  compounds t o  b e  p r e p a r e d .
Uranium ( I I I )  c h l o r i d e  was f i r s t  p r e p a r e d  b y  P e l i g o t  (9)
i n  18U2 by  th e  h y d ro gen  r e d u c t i o n  o f  UC1 , , p r e v i o u s l y
p r e p a r e d  by  p a s s i n g  d r y  c h l o r i n e  o v e r  a m i x t u r e  o f
u ran iu m  d i o x i d e  and ca rb on  a t  r ed  h e a t .  W ith  c e r t a i n
improvements  t h i s  method ( 10- 1 3 ) i s  a c o n v e n i e n t  way
o f  p r e p a r i n g  UC1 . B e t t e r  methods a re  now a v a i l a b l e
3
f o r  UCl^ su c h  as l i q u i d  phase  c h l o r i n a t i o n  o f  UO^ b y  
r e f l u x i n g  w i t h  h e x a c h lo r o p r o p e n e .  I n v e s t i g a t i o n  o f  t h e
hydrogen  r e d u c t i o n  u n d e r  p r e s s u r e  ( a p p r o x - 7 a tm . )  a t
5 5 0 ° showed i t  t o  he  more r a p i d  t h a n  a t  a tm o s p h e r i c
p r e s s u r e  ( 1 2 ) .  P r o h a h l y  t h e  h e s t  method o f  p r e p a r a t i o n
f o r  UCl^ i s  hy  th e  a c t i o n  o f  h y d ro g en  c h l o r i d e  on
u ran iu m  h y d r i d e ,  UH^, a t  2 50 -300°  (10) (13)•  S u b s t a n t i a l l y
p u re  UCl-j h a s  b e e n  o b t a i n e d  by  Young (Ik) by  t h e  r e d u c t i o n
o f  UCl^ w i t h  z i n c .  Hydrogen i o d i d e  a t  30 0-350°  h a s  a l s o
b e e n  employed as  a r e d u c i n g  a g e n t  (15)* U r a n i u m ( I I I )
c h l o r i d e  can be  p u r i f i e d  by d i s t i l l i n g  i t  i n  a s t r e a m  '
o f  i o d i n e  v a o o u r  when th e  v o l a t i l e  compound U C l - I  i s
3
fo rm ed;  t h i s  decomposes on c o o l i n g  t o  g iv e  UGi^ and 
i o d i n e  (15)* U r a n i u m ( l I I )  c h l o r i d e  i s  r e p o r t e d  as  a 
h y g r o s c o p i c  o l i v e - g r e e n  (1 0 ) (13)  (15)  o r  r e d  (16)  
c r y s t a l l i n e  s o l i d .  The c r y s t a l  s t r u c t u r e  has  b e e n  
d e te rm in e d  by  Z a c h a r i a s e n  (17) and i t  p o s s e s s e s  a h e x a g o n a l  
s t r u c t u r e  c o n t a i n i n g  two m o le c u l e s  p e r  u n i t  c e l l ,  and 
i s  i som orphous  w i t h  NdCl^ and o t h e r  l a n t h a n i d e  c h l o r i d e s -  
-Agueous s o l u t i o n s  o f  UCl^ a r e  r e p o r t e d  (10) t o  be  
u n s t a b l e ,  w i t h  sp o n ta n e o u s  l i b e r a t i o n  o f  h y d r o g e n ,  
a l t h o u g h  th e  red  s o l u t i o n s  formed i n  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d  a r e  c o n s i d e r e d  t o  be  more s t a b l e  ( 1 8 ) .  
U r a n i u m ( I I I )  c h l o r i d e  i s  r e p o r t e d  t o  be  i n s o l u b l e  i n  
n o n - p o l a r  s o l v e n t s  and t o  o x i d i s e  when t r e a t e d  w i t h  
m e th a n o l ,  formamide and o t h e r  p o l a r  s o l v e n t s  ( 1 0 ) ( 1 9 ) .
A s t u d y  o f  UC1-/KC1 f u s e d  s a l t  sy s te m s  h a s  i n d i c a t e d  3
t h e  f o r m a t i o n  o f  the  h a l i d e  complexes KgUCl^ and
i y J C l g  (2 0 ) 0 I n  c o n t r a s t  UCl^/NaCl m e l t s  g i v e  no compounds.
The r e a c t i o n  o f  UC1-, w i t h  ammonia h a s  r e c e n t l yD
b e en  i n v e s t i g a t e d  "by B e r t h o l d  and Knecht (21) • At
a tm o s p h e r i c  p r e s s u r e  ammoniates r e s u l t  c o n t a i n i n g
6 . 8 - 6 . 9  m oles  o f  whereas  u n d e r  p r e s s u r e  a t  room
te m p e r a t u r e  ammonia t e s  c o n t a i n i n g  7-0-7.1+ moles  o f
a r e  o b t a in e d #  On h e a t i n g  to  1+5° UC1^»3NE i s  formed
which  decomposes a t  h i g h e r  t e m p e r a t u r e s  t o  g i v e  UCl^.UH^.
These ammonia t e s  o r  UGl^, form th e  a m i d o c h l o r i d e s
U O -U ^ C l^ ,  an^ on h e a t i n g  i n  a
s t r e a m  o f  ammonia a t  1+5 0 - 5 0 0 ° .  Above 800° t h e s e  compounds
decompose t o  g i v e  a n i t r i d e  UNx j where x= a p p ro x .  1 .7 5  ( 2 1 ) .
(b)  Bromides
U r a n i u m ( l l l )  b rom ide  was f i r s t  p r e p a r e d  by
A l i b e g o f f  (22) and Zimmermann ( 2 3 ) bjr th e  h y d ro g en
r e d u c t i o n  o f  UBr^. T h is  method does  n o t  y i e l d  a p u r e
p r o d u c t  and i s  n o t  u s u a l l y  employed.  A b e t t e r  method
i s  t o  h e a t  UH_, i n  a s t r e a m  o f  hy d ro g en  b ro m ide  to  n
3 0 0 ° (13) (22+). U r a n i u m ( I I I )  b rom ide  can a l s o  be  o b t a i n e d  
b y  h e a t i n g  u ran iu m  powder w i t h  a d e f i c i e n c y  o f  b rom ine  
i n  a s e a l e d  tube  t o  a b o u t  500°  ( 2 5 ) .  Any UBr^ a l s o  
formed can be  removed by  s u b l i m a t i o n  i n  vacuum.
U r a n i u m ( I I I )  b rom ide  i s  r e p o r t e d  t o  be  r e d -b ro w n  (21+) o r  
g ree n -b ro w n  (13) and more h y g r o s c o p i c  t h a n  UG1_.j
R e c e n t l y  t h e  p r e p a r a t i o n  o f  u ran iu m  t r i b r o m i d e  h e x a -  
h y d r a t e  and o t h e r  a c t i n i d e  and l a n t h a n i d e  t r i b r o m i d e  
h e x a h y d r a t e s  have  b e en  r e p o r t e d  ( 2 6 ) .  U r a n i u m ( I J l )  
b rom ide  h e x a h y d r a t e  was o b t a i n e d  by  a l l o w i n g  a nh yd ro u s
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UBr^ t o  h y d r a t e  i n  a m o i s t  o x y g e n - f r e e  a tm o sph e re
u n t i l  t h e  c o r r e c t  w e ig h t  change had t a k e n  p l a c e .  The
compound can  he d e h y d r a t e d  to  th e  p u r e  anhydrous  UBr^
by h e a t i n g  i n  a n o n - s t a t i c  vacuum a t  120° .  The X - ra y
powder p h o to g r a p h  f o r  UBr^.GH^O i n d i c a t e d  m o n o c l i n i c
symmetry as i s  f o r  t h e  o t h e r  a c t i n i d e  and l a n t h a n i d e
t r i b r o m i d e  h e x a h y d r a t e s . The p r e p a r a t i o n s  o f  th e
p r e v i o u s l y  unknown n e p t u n i u m ( i l l )  and a m e r i c i u m ( l l l )
compounds HpBr-^. 6 ^ 0  and AmBr^.6U^0 a r e  a l s o  r e p o r t e d f
I n  i t s  p h y s i c a l  and c h e m ic a l  p r o p e r t i e s  UBr^
c l o s e l y  r e s e m b le s  UCl^. I t  i s  o n ly  v e r y  s l i g h t l y  s o l u b l e
i n  n o n - p o l a r  s o l v e n t s  e . g . , b en ze n e  ( s o l u b i l i t y  <C<C
0 .5 g / 1 0 0 m l ) .  I t  i s  more s o l u b l e  t h a n  UCl^ i n  p o l a r
s o l v e n t s  b u t  i s  r e p o r t e d  t o  u n d e rg o  e x t e n s i v e  r e a c t i o n  ( 2 7 )*
X - r a y  c r y s t a l l o g r a p h i c  m easurements  i n d i c a t e  t h a t
UBr^ l i k e  UCl has  a h e x a g o n a l  s t r u c t u r e  w i t h  two -> 3
m o le c u le s  p e r  u n i t  c e l l  ( 2 8 ) .
U r a n i u m ( I I I )  b rom ide  r e a c t s  w i t h  ammonia t o  g i v e
ammonia t e s  such  as  U B r^ .6lTH_. The r e a c t i o n  o f  UCl.,3 3 3
and UBr-^ w i t h  ammonia o v e r  t h e  t e m p e r a t u r e  r a n g e
20-750°  has  b e e n  i n v e s t i g a t e d  b y  Burk ( 2 9 ) .  The
p r e p a r a t i o n s  o f  th e  imido and n i t r i d o - h a l i d e s ,  U(lTH)Br
and UKBr a r e  r e p o r t e d .  I f  brown UBr^ i s  exposed  to
ammonia gas t h e n  th e  b u l k y  g r e e n  c o lo u r e d  U B r^ .6NH^
r e s u l t s .  However, i f  l i q u i d  ammonia i s  u s e d ,  and th e
p r o d u c t  i s  d r i e d  i n  vacuum, t h e n  the  ammoniate c o n t a i n i n g
be tw ee n  3 and i+ m o le c u le s  o f  HH ' i s  formed (3 0 .)*
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(c )  I o d i d e s
G u ic h a rd  (30) i n  1907 o b t a i n e d  a compound which 
he c o n s i d e r e d  t o  he UI. by  h e a t i n g  u ran iu m  m e t a l  andk
i o d i n e  v a p o u r  i n  a s e a l e d  tu b e  a t  55 0 ° .  From a d e s c r i p t i o n
o f  i t s  p h y s i c a l  p r o p e r t i e s  s u c h  as i t s  h i g h  m e l t i n g
p o i n t  (above 5 0 0 °)  and low v o l a t i l i t y  i t  was p r o b a b l y
U L  r a t h e r  t h a n  UI, •
3 U
U r a n i u m ( l l l )  and u ra n iu m ( lV )  i o d i d e s  u n l i k e  o t h e r
u ran iu m  h a l i d e s  a r e  r e a d i l y  i n t e r c o n v e r t e d .  U ran ium (IV)
i o d i d e  r e a d i l y  d i s s o c i a t e s  a t  7 0 0 - 8 0 0 ° t o  g i v e  UI^
and i o d i n e .  Thus b o t h  UI. and UI_ can be  p r e p a r e d
“*■ D
f rom  th e  e l e m e n t s  by  v e r y  s i m i l a r  m e tho d s .  I n  o r d e r  to  
p r e p a r e  UI^ ,  th e  p a r t i a l  p r e s s u r e  o f  i o d i n e  i n  th e  
sy s te m  must be  h i g h  enough to  s u p p r e s s  t h e  f o r m a t i o n  
o f  a p p r e c i a b l e  amounts o f  UI^ i n  th e  e q u i l i b r i u m :
UI^ UI + i i 2
U r a n i u m ( l l l )  i o d i d e  can  be  p r e p a r e d  b y  d i s t i l l i n g  
th e  s t o i c h i o m e t r i c  q u a n t i t y  o f  i o d i n e  s l o w l y  i n t o  
an e v a c u a t e d  v e s s e l  c o n t a i n i n g  f i n e l y  d i v i d e d  u ra n iu m  
a t  3 5 0 ° .  When a l l  t h e  i o d i n e  h a s  b e en  a b s o r b e d  the  
v e s s e l  i s  s e a l e d ?  h e a t e d  g r a d u a l l y  t o  3 7 0 °? and m a i n t a i n e d  
a t  t h i s  t e m p e r a t u r e  f o r  1 5 -2 0  h r s .  (3 1 )* I f  t h e  m a s s iv e  
m e t a l  i s  u sed  th e  r e a c t i o n  i s  v e r y  s low  and i n c o m p l e t e ;  
b e t t e r  r e s u l t s  a r e  o b t a i n e d  u s i n g  f i n e l y  d i v i d e d  u r a n iu m  
o b t a i n e d  v i a  th e  h y d r i d e .  Because  o f  a t t a c k  b y  UI^ on 
g l a s s  a t  e l e v a t e d  t e m p e r a t u r e s ,  molybdenum o r  t u n g s t e n  
a p p a r a t u s  i s  p r e f e r a b l e  ( 3 2 ) .  U r a n i u m ( I I I )  i o d i d e  can
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a l s o  be p r e p a r e d  “by th e  r e a c t i o n  o f  u ra n iu m  h y d r i d e
w i t h  m e th y l  i o d i d e  a t  275- 3 0 0 °  (33 ) •  L a r g e r  q u a n t i t i e s
o f  UI^ can he  p r e p a r e d  hy pumping i o d i n e  v a po u r  o v e r
u ra n iu m  m e t a l  h e a t e d  t o  525°* A d ia g ra m  o f  s u i t a b l e
a p p a r a t u s  and e x p e r i m e n t a l  d e t a i l s  a r e  a v a i l a b l e  ( 1 3 ) (3k) •
The r e a c t i o n  u s i n g  t h i s  c o n t i n u o u s  f lo w  method i s  r a t h e r
s low  b u t  f a i r l y  good y i e l d s  o f  s u b s t a n t i a l l y  p u r e  UI_,
( 9 8 -9 9  p e r  c e n t  p u r i t y )  a r e  r e p o r t e d *
On th e  whole  th e  c h e m ic a l  and p h y s i c a l  p r o p e r t i e s
o f  UI_ have  n o t  be en  i n v e s t i g a t e d  i n  g r e a t  d e t a i l *
3
U r a n i u m ( l l l )  i o d i d e  i s  a b l a c k  n e e d l e - l i k e  c r y s t a l l i n e
s o l i d ,  e x t r e m e l y  s o l u b l e  i n  w a ter*  Such s o l u t i o n s  a r e
deep  r e d  and a r e  r e p o r t e d  t o  be  s t a b l e  i n  t h e  a b sen c e
o f  oxygen (35 )•  The c r y s t a l  s t r u c t u r e  i n d i c a t e s  t h a t
i t  i s  o r t h o - r h o m b i c  w i t h  f o u r  m o le c u le s  p e r  u n i t  c e l l ,
and i s  isom orphous  w i t h  L a i  (3 6 ) .
3
(d)  Mixed H a l i d e s
A number o f  u r a n i u m ( I I I )  mixed h a l i d e s  su ch  as 
UBrCl^j  UBr^Gl, UIC l^ ,  UIBr^ and UI^Br have  be en  
p r e p a r e d  ( 1 3 ) a s  f o l l o w s :
( i )  by  t h e r m a l  d e c o m p o s i t i o n  o f  mixed u ra n iu m ( lV )  
h a l i d e s ;
( i i )  by  r e d u c t i o n  o f  mixed u ra n iu m ( lV )  h a l i d e s  
w i t h  h y d ro g en ;
( i i i )  by  f u s i o n  o f  a m ix t u r e  o f  two u r a n i u m ( l l l )  
h a l i d e s .
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( e )  F l u o r i d e s
■ U ran ium (lI I )  f l u o r i d e  i s  more d i f f i c u l t  t o  p r e p a r e  
t h a n  t h e  o t h e r  u r a n i u m ( I I l )  h a l i d e s  and c o n s e q u e n t l y  
was n o t  made u n t i l  much l a t e r *  I t  can he  p r e p a r e d  by  
r e d u c t i o n  o f  UF^ w i t h  h y d ro g e n  a t  1000°■ p ro v id ed - . - a l l  
t r a c e s  o f  w a te r  and oxygen a r e  a b s e n t  (3 7 ) (3 8 )» ■
R u n n a l l s  (3 9 ) i n  1953  d e v i s e d  an e f f i c i e n t  method f o r  
r e d u c i n g  UF^ w i th  a lum in ium : t h e  UF£, i s  h e a t e d  u n d e r
' n ¥vacuum a t  900 w i t h  t h e  t h e o r e t i c a l  g u a n t i t y  o f  
a lum in ium  r e g u i r e d  f o r  v o l a t i l i s a t i o n  as  a lum in ium  
m o n o f lu o r i d e .
UF^ + A1 = UF^ + .A IF  
A l t e r n a t i v e l y ,  u ran iu m  m e t a l  powder ( o b t a i n e d  v i a  t h e  
h y d r i d e )  i n  an a rg o n  a tm osphere  a t  1050°  can  be  
employed (3 7 ) (1+0 ) .
3'UF  ^ + U ^  4US3 
The t e t r a f l u o r i d e  can be  p r e p a r e d  by h e a t i n g  t h e  
m e t a l  w i t h - l i q u i d  HF i n  a s e a l e d  tu b e  a t  250° (1+1) s or 
by t h e  a c t i o n  o f  HF on U0o . The l a t t e r  p r o c e s s  i s  
u s e d  i n d u s t r i a l l y .  The  r e a c t i o n s  be tw een  t)'0  ^ and SFj 
a t  5 0 0 ° (1+2), and be tw een  0 0 9 and !F re o n  1 2 s a t  1+00° (1+3) 
have  a l s o  b e en  employed.  A l t e r n a t i v e l y ,  t h e  t e t . r s -  
f l u o r i d e  can be p r e c i p i t a t e d  a s  the  h y d r a t e  LfFj.-2 . 5H2O 
from  s o l u t i o n s  o f  u ran iu m (IV )  w i t h  HF (1+1+). T h i s  h y d r a t e  
can  be c o m p l e t e ly  d e h y d ra t e d  by  h e a t i n g  i n  vacuum (1+5 ) -  
U r a n i u m ( I I I )  f l u o r i d e  i s  a r e d - v i o l e t  o r  b l a c k  (37) 
c r y s t a l l i n e  s o l i d  which i s  o n ly  s l o w l y  o x i d i s e d  by  a i r ,
-  17 -
I t  i s  i n s o l u b l e  i n  w a t e r  b u t  i s  s l o w ly  o x i d i s e d  t o
g iv e  a g r e e n  g e l a t i n o u s  m a t e r i a l .  The c r y s t a l  s t r u c t u r e
i n d i c a t e s  t h a t  i t  i s  h e x a g o n a l  c o n t a i n i n g  two m o le c u le s
p e r  u n i t  c e l l ,  and i s  i som orphous  w i th  LaF^, PrF^
CeF,  and NdF, (1+6).
3 3
Fused s a l t  s t u d i e s  on th e  r e a c t i o n  b e tw ee n  UF
3
and a l k a l i  m e t a l  f l u o r i d e s  a t  1 0 0 0°  i n d i c a t e d  th e
f o r m a t i o n  o f  th e  complexes UF .MF and UF_.3MF; (M = Ha,
3 3
K, Rb and O s) .  The d i f f u s e  r e f l e c t a n c e  s p e c t r a  o f
t h e s e  doub le  s a l t s  were a l s o  r e c o r d e d  (U7 )*
( f )  H ydr ide  «> D e u t e r i d e  and T r i t i d e
Uranium h y d r i d e  UH^ was f i r s t  p r e p a r e d  by  D r ig g s  (U8 )
i n  1929* I t  can be  o b t a i n e d  a s  a vo lum inous  g r e y - b l a c k
powder b y  h e a t i n g  u ran iu m  m e t a l  i n  h y d ro g e n  a t  225°  (1+9 )*
The h y d r i d e  decomposes r e v e r s i b l y  a t  350-UOO0 t o  g iv e
a f i n e l y  d i v i d e d  ( a v e r a g e  p a r t i c l e  s i z e  k-5  m ic r o n s )
and h i g h l y  r e a c t i v e  u ra n iu m  m e t a l ,  and th e  r e a c t i o n
h a s  b e e n  much u s e d  f o r  t h i s  p u r p o s e .  The c o m p o s i t i o n
o f  u ran ium  h y d r i d e  h a s  b e en  d e f i n i t e l y  e s t a b l i s h e d  (5 Q) 5
i t  i s  a t r u e  c h em ic a l  compound. The h y d r i d e  i s  e x t r e m e l y
r e a c t i v e  and i s  o f t e n  p y r o p h o r i c .  I t  i s  a c o n v e n i e n t
r o u t e  t o  o t h e r  u r a n i u m ( l l l )  compounds s u c h  as t h e
h a l i d e s  as p r e v i o u s l y  d i s c u s s e d ,  and a l s o  f o r  t h e
p h o s p h i d e ,  n i t r i d e  and s u l p h i d e .  The u ran ium  h y d r o g e n
sy s te m  h as  b e en  rev iew ed  by  M a l l e t ,  T r z e c i a k  and
G r i f f i t h  (51)* Two c r y s t a l  fo rm s o f  UH^ a r e  known; th e
3
n o rm a l  beta-UH^ d e s c r i b e d  by  R und le  (52) h a s  a s i m p le
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c u b ic  u n i t  c e l l  w i t h  a l a t t i c e  c o n s t a n t  a .  = 6.6310.A.c
I f  UH^ i s  p r e p a r e d  a t  low t e m p e r a t u r e s  however? e . g .  - 3 0 ° ,  
a m i x t u r e  o f  50  p e r  c e n t  "beta-UH-^ and 50  p e r  c e n t  
a lpha-UH^ r e s u l t s .  The alpha-UH^ ph ase  h a s  a c u b ic  
u n i t  c e l l  c o n t a i n i n g  two m o le c u le s ?  w i t h  a Q = i4.« l6 0 C.A (5 3 )* 
The a I p h a - f o r m  r e v e r t s  to  t h e  b e t a - f o r m  on h e a t i n g  
■to 250° .
Uranium d e u t e r i d e  can be p r e p a r e d  by  th e  d e c o m p o s i t i o n
o f  d e u te r iu m  o x id e  by  u ran iu m  m e t a l  a t  6 0 0*-7 0 0 ° and
th e  su b s e q u e n t  r e a c t i o n  o f  d e u t e r i u m  so  p ro d u c e d  w i t h
f u r t h e r  u ran iu m  m e t a l  a t  250° (5U)« The r a t e  o f  r e a c t i o n
o f  d e u te r iu m  w i t h  u ran iu m  i s  much s lo w e r  t h a n  t h a t
o f  hy d ro g en .  The s lo w e r  f o r m a t i o n  o f  UD^? and i t s
h i g h e r  d e c o m p o s i t i o n  p r e s s u r e  compared w i t h  UH_ co u ld
3
have  be en  used  f o r  th e  s e p a r a t i o n  o f  h y d ro g en  and 
d e u te r iu m .  U n f o r t u n a t e l y ?  v e r y  r a p i d  i s o t o p i c  exchange  
b e tw een  s o l i d  h y d r i d e  and gas  l e a d s  t o  o n ly  a s l i g h t  
e n r i c h m e n t  o f  d e u te r iu m  i n  th e  gas 'phase.  Uranium 
d e u t e r i d e ,  which i s  i s o s t r u e t u r a l  w i t h  u ra n iu m  h y d r id e ?  
h a s  b e en  shown by  n e u t r o n  d i f f r a c t i o n  t o  have t h e  
d e u te r iu m  atoms i n  a d i s t o r t e d  t e t r a h e d r a l  c o n f i g u r a t i o n  
e g u i d i s t a n t  f rom f o u r  u ran iu m  a to m s .  No U-U bonds 
a r e  p r e s e n t  and t h e  U-D d i s t a n c e  i s  2.32/U Abraham 
and F lo to w  (55) have  s t u d i e d  th e  h e a t s  o f  f o r m a t i o n  
o f  UH^ ,? UD and UTy , and have  a l s o  d e s c r i b e d  th e  
p r e p a r a t i o n  o f  UT,»
-  19  -
(g)  S u l p h i d e s
The s u l p h i d e  was f i r s t  r e p o r t e d  hy  A l i h e g o f f  (5 6 )
i n  1886, as  g r e y - b l a c k ,  n e e d l e - s h a p e d  c r y s t a l s  o b t a i n e d  
hy  th e  r e a c t i o n  o f  UBrv w i t h  HnS. I t  was a l s o  r e p o r t e d  
t h a t  a lo w er  s u l p h i d e ,  US, c o u ld  he  p r e p a r e d  hy  r e d u c t i o n  
o f  w i t h  hydrogen* F l a t t  and Hess (57)  i n  1938,
r e - i n v e s t i g a t e d  t h e  r e a c t i o n  hy  r e d u c t i o n  o f  US^ w i t h  
h yd ro g en  a t  r e d  h e a t  and r e p o r t e d  t h a t  th e  r e d u c t i o n  
s to p p e d  a t  U2S^« U r a n i u m ( l l l )  s u l p h i d e  h a s  h e e n  p r e p a r e d  
a s  f o l l o w s :
( i )  hy  r e d u c t i o n  o f  US2 w i t h  f i n e l y  d i v i d e d  u r a n iu m ;
( i i )  hy  th e  r e a c t i o n  o f  f i n e l y  d i v i d e d  u ran iu m  
o b t a i n e d  v i a  th e  h y d r i d e ,  w i th :  th e  s t o i c h i o ­
m e t r i c  amount o f  H S; 'tL
( i i i )  hy  t h e r m a l  d e c o m p o s i t i o n  o f  US2 *
A r e v ie w  o f  th e  p r e p a r a t i o n  o f  u ra n iu m  s u l p h i d e s  i s  
g i v e n  hy  Eas tm an e t .  a l .  (58)* F u l l  e x p e r i m e n t a l  d e t a i l s  
and a com prehens ive  d e s c r i p t i o n  o f  t h e  a p p a r a t u s  a r e  
g i v e n .
U r a n i u m ( l I I )  s u l p h i d e  decomposes i n  m o i s t  a i r  
w i t h  l i b e r a t i o n  o f  H2S and i s  o f t e n  p y r o p h o r i c .  I t  
decomposes t o  US on h e a t i n g  i n  vacuum t o  1800° .  The 
compound US i s  s t a b l e  and can he  h e a t e d  t o  1800^ 
w i t h o u t  d e c o m p o s i t i o n  and h as  h e e n  u se d  as  a r e f r a c t o r y .
(h)  S e l e n i d e s  and T e l l u r i d e s
sThe e x i s t e n c e  o f  U2Se^ and USe2 h a ^ e  h e e n  r e p o r t e d  
hy  G o lan i  (59) (6o)» These compounds were o b t a i n e d
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by p a s s i n g  s e l e n iu m  v a p o u r  i n  a s t r e a m  o f  h y drogen  
o v e r  Nag UClg# I f  a d e f i c i e n c y  o f  s e l e n i u m  was used* 
U g S e ^ - r e s u l t e d .  C o la n i  (6 l )  a l s o  p r e p a r e d  U g T " b y .  
h e a t i n g  Na^UClg w i t h  N ag le  c o n t a i n i n g  e x c e s s  t e l l u r i u m  
to  1000°* P e r r o  (62) h a s  s t u d i e d  th e  U/Se and U/Te 
sy s te m s  and has  i d e n t i f i e d  hy  X - r a y  c r y s t a l l o g r a p h y  
th e  p h a se s  USe, UgSe-^, USe^, UTe, UTe2 and UgTe • The 
p r e p a r a t i o n  o f  t h e  u ran ium  s e l e n i d e s  and t h e  t e l l u r i d e s  
USe, USe^, U^Se^; UTe, UTe2 , U2Te3 an(3 U3TeIj. ^ aS r e c e n t l y  
h e e n  d e s c r i b e d  hy  Matson e t#  a l . (63)# These  compounds 
were p r e p a r e d  hy s o l i d - v a p o u r  r e a c t i o n s  b e tw een  t h e  
e le m e n t s  and a s t u d y  o f  t h e i r  e l e c t r i c a l  p r o p e r t i e s  
i n d i c a t e d  t h a t  t h e y  were s e m i - c o n d u c t o r s .
( i )  N i t r i d e s
M oissan  i n  I 896 i s o l a t e d  a y e l lo w  u ra n iu m  n i t r i d e  
o f  u n c e r t a i n  c o m p o s i t io n  hy  th e  r e a c t i o n  o f  u ran iu m  
and n i t r o g e n  a t  1000° (61+) • More r e c e n t  i n v e s t i g a t i o n s  
(63 )  show t h a t  th e  r e a c t i o n  be tw een  u ra n iu m  and n i t r i d i n g  
a g e n t s  ( s u c h  as, Ng or NHX up t o  1 3 0 0 °)  does  n o t  s t o p  
a t  UN h u t  r a t h e r  a t  a p h a se  c o r r e s p o n d i n g  to  (U^N^+UNg). 
P u re  m o n o - n i t r i d e  can however  he  p r e p a r e d  by  decom posing  
th e  h i g h e r  n i t r i d e s  above 1300° ,  p r o v i d e d  a l l  t r a c e s  
o f  oxygen a r e  a b s e n t .  P r o b a b l y  th e  b e s t  method o f  
p r e p a r a t i o n  f o r  UN i s  t o  t r e a t  UH^ w i t h  n i t r o g e n  a t  
33 0 °  (66)  a l t h o u g h  the  r e a c t i o n  does s t a r t  t o  o c c u r  
abou t  200° .  The r e a c t i o n  w i t h  ammonia, s t a r t s  s lo w ly  
a t  100° b u t  becomes r a p i d  a t  200° .  I t  i s  d i f f i c u l t
-  21 -
t o  s t o p  th e  r e a c t i o n  a t  UN w i th  h i g h e r  s p e c i e s  such
as U2-i-;'3 r s s i l l £ i n g (67)* The m o n o n i t r i d e  UN i s  the
most s t a b l e  o f  t h e  n i t r i d e s  f o r  UJd_ l o s e s  N i n  vacuum
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a t  t e m p e r a t u r e s  above 7 0 0 ° ,  and p u re  UN^ can  o n ly  be  
-prepared u n d e r  h i g h  n i t r o g e n  p r e s s u r e s .  The m o n o n i t r i d e  
i s  a l i g h t - g r e y  powder h a v in g  a f a c e  c e n t r e d  c u b ic  
s t r u c t u r e  w i t h  a Q = Ij.. 880A (6 8 ) .
( 3 ) Phosp h id es
Uranium monophosphide UP was p r e p a r e d  by  L i l l i e n d a h l  
and B r ig g s  (6 9 ) by h e a t i n g  f i n e l y  d i v i d e d  u ran iu m  
w i t h  red  p h o s p h o r u s .  The p r o d u c t  i s  n o t  however  o f  
h i g h  p u r i t y .  A much b e t t e r  method o f  p r e p a r a t i o n ,  
ba sed  on th e  work of  Newton and Jo hnson ,  ha s  r e c e n t l y  
b een  d e s c r i b e d  by  B a sk in  and S h a lek  ( 7 0 ) .  B a s i c a l l y  
th e  p r e p a r a t i o n  i n v o l v e s  th e  r e a c t i o n  b e tw ee n  p h o sp h in e  
and f i n e l y  d i v id e d  u ran iu m  m e t a l .  Uranium monophosphide 
h as  c o n s i d e r a b l e  a p p l i c a t i o n s  as a n u c l e a r  f u e l  b e c a u s e  
o f  i t s  v e ry  h i g h  m e l t i n g  p o i n t  ( 23l!-0 o ) .
(k) A r s e n i d e s  and .Antimonides
There i s  l i t t l e  i n  th e  l i t e r a t u r e  c o n c e r n i n g  
th e  a r s e n i d e s  and a n t im o n id e s  o f  t e r v a l e n t  u ra n iu m .
C o la n i  (7 1 ) r e p o r t e d  th e  p r e p a r a t i o n  o f  a u ra n iu m  
a r s e n i d e  f o r m u la t e d  as U7iis by  p a s s i n g  a r s e n i c  v a p o u rJ H-
i n  a s t r e a m  o f  d ry  hyd rog en  o v e r  h e a t e d  N aJJC l  .2 b
C o la n i  (72) s i m i l a r l y  o b t a i n e d  a u ran ium  a n t im o n id e
U^Sb by  h e a t i n g  a m ix t u r e  o f  NaoU01 , an t im ony  and 
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aluminium i n  a s t r e a m  o f  h y d ro g e n .  The e x i s t e n c e  o f
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t h e  m on o arsen id e  UAs i n  th e  U/As system, was f i r s t
d e m o n s t r a t e d  "by Rundle  and B a e n z i g e r  (73) u s i n g  X - ra y
s t u d i e s .  The m o n oarsen id e  h a s  a s im p le  c u h ic  l a t t i c e
w i th  a = 5»7£>7A. I t  h a s  a l s o  h e e n  p r e p a r e d  by  I a n d e l l i  o
(7U) hy  h e a t i n g  pov/dered u ra n iu m  and a r s e n i c  a t  8 0 0 - 900° .  
The p h a s e s  U J s ,  and ILAs were  a l s o  i d e n t i f i e d .  F e r r o  
h a s  i n v e s t i g a t e d  th e  U/Sh sy s te m  and has i d e n t i f i e d  
th e  compounds USb, u ^Sh^ and USh^ (75)* The compound 
USh has  a s im p le  c u h ic  l a t t i c e  w i t h  a Q = 6 .191A. The 
p r e p a r a t i o n  and p r o p e r t i e s  o f  u ran iu m  a r s e n i d e s  and 
a n t im o n id e s  have  r e c e n t l y  h e e n  rev ie w ed  hy  F e r r o  (76)*
( l )  B o r o h y d r id e s
The p r e p a r a t i o n s  o f  u r a n i u m ( I I I )  and u ran iu m (IV )  
h o r o h y d r i d e s  have  h e en  d e s c r i b e d  hy  S c h l e s i n g e r  and 
Brown (71)• Uranium(IV) h o r o h y d r i d e  i s  o b t a i n e d  as  
d a r k  g r e e n ,  m o d e r a t e l y  v o l a t i l e  c r y s t a l s ,  hy h e a t i n g  
UF^ w i t h  a lum in ium  h o r o h y d r i d e .  On h e a t i n g  t o  100°
.these  g i v e  a brown, r e l a t i v e l y  n o n - v o l a t i l e  u ran iu m  ( i l l )  
h o r o h y d r i d e  U(BH^)^.
2« ( B \ V  = 2D(BV 3 + B2H6 + H2
U r a n i u m ( I I I )  h o r o h y d r i d e  i s  p y r o p h o r i c  and d e t o n a t e s
v i o l e n t l y  on e x p o su re  t o  a i r .
(m) O x y c h lo r id e
U r a n i u m ( I I I )  oxym onoch lo r ide  U0G1 h a s  h e e n  r e p o r t e d
(7 8 ) as a d a r k - r e d ,  c r y s t a l l i n e  s o l i d  o b t a i n e d  hy
d i s t i l l i n g  UC1_ c o n t a i n i n g  U0o and h i g h e r  o x y c h l o r i d e  
3 ^
i m p u r i t i e s  (10  p e r  c e n t )  u n d e r  h i g h  vacuum
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(10“ ^  t o  10“'^ mm„ Hg) a t  1000°* U r a n i u m ( i l l )  oxymono- 
c h l o r i d e ,  a l t h o u g h  i n s o l u b l e  i n  water* i s  r e p o r t e d  to  
d i s s o l v e  i n  d i l u t e  s u l p h u r i c  and h y d r o c h l o r i c  a c i d s  
w i t h  l i b e r a t i o n  o f  h y d ro g e n .  I t  i s  a l s o  i n s o l u b l e  i n  
e t h a n o l ,  a c e to n e  and c a r b o n  t e t r a c h l o r i d e .  T e t r a g o n a l  
U0C1 was shown by X - ra y  d i f f r a c t i o n  s t u d i e s  t o  be 
isom orphous  w i th  LaOCl, AcOGl, PuOCl and AmOCJl.
(n) Fo rm a te s
The p r e p a r a t i o n s  o f  u r a n i u m ( I I I )  and u ran iu m (IV )  
f o r m a te s  h ave  r e c e n t l y  b e en  r e p o r t e d  (79)* U r a n i u m ( l l l )  
fo r m a te  U(HCOn )_ was p r e p a r e d  by  r e d u c t i o n  o f  UCl, i nJ A
anhydrous  f o r m i c  a c id  w i th  s i n e  amalgam. I t  was r e p o r t e d  
as a d a r k ,  o l i v e - g r e e n , ,  c r y s t a l l i n e  s o l i d ,  i n s o l u b l e  
i n  f o r m ic  a c i d  and o r g a n i c  s o l v e n t s .  When d r y ,  
u r a n i u m ( l l l )  fo rm a te  was r e p o r t e d  t o  be s t a b l e  and 
r e s i s t a n t  t o  o x i d a t i o n  and t o  d i s s o l v e  i n  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c id  t o  g iv e  u n s t a b l e  r ed  s o l u t i o n s .
M agne t ic  s u s c e p t i b i l i t y  m easurem ents  o v e r  th e  r an g e  
300 -  32°K on U^ICOg)^ gave an e f f e c t i v e  m a g n e t i c  moment 
o f  3«5b B.M. w i t h  a l a r g e  C u r ie -W e is s  c o n s t a n t  (0 = 9 0 ° ) .  
I t s  m a g n e t i c  p r o p e r t i e s  were shown to  be  s i m i l a r  to  
t h o s e  o f  ikKKCOg)^ = 3-£>b B.M. and 0 = 5U)» Rhombo- 
h e d r a l  U(HCOp)^ was shown by X - ra y  powder p h o to g r a p h s  
t o  be i somorphous w i t h  Rd(HC0^)7.
L ig h t  g r e e n  u r a n iu m (IV) f o r m a te  was o b t a i n e d  by  
a e r i a l  o x i d a t i o n  o f  a s u s p e n s i o n  o f  u r a n i u m ( I I I )  
f o r m a te  i n  fo rm ic  a c i d .
% ^eo. p -ua
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3* I n v e s t i g a t i o n s  i n  .Aqueous S o l u t i o n
The f a c t  t h a t  u r a n y l  s a l t s  i n  aqueous s o l u t i o n  
c o u ld  he  r e d u c e d  to  t e r v a l e n t  u ran iu m  was f i r s t  
r e c o g n i s e d  hy  Zimmermann (80)  i n  1882. Rosenheim  and 
L o e b e l  ( 8 1 ) ,  d u r i n g  a s t u d y  o f  th e  e l e c t r o - c h e m i c a l  
r e d u c t i o n  o f  u r a n y l  c h l o r i d e  I n  h y d r o c h l o r i c  a c i d  
a t  a m ercu ry  c a t h o d e ,  o b t a i n e d  a red  s o l u t i o n  c o n s i d e r e d  
to  c o n t a i n  t e r v a l e n t  u ran ium .
S o l u t i o n s  o f  t e r v a l e n t  u ra n iu m  have  a l s o  b e en
p r e p a r e d  (18) (82)  by  d i s s o l v i n g  th e  anhydrous  h a l i d e s
i n  w a t e r .  The method i s  n o t  v e r y  s a t i s f a c t o r y  s i n c e
th e  r e a c t i o n s  a r e  s t i l l  n o t  f u l l y  u n d e r s t o o d .  I t  i s
r e p o r t e d  t h a t  red  s o l u t i o n s  a r e  p roduced  which r a p i d l y
t u r n  g r e e n  owing to  o x i d a t i o n  by  a i r  o r  w a t e r /  I n
th e  absence  o f  a i r ,  a s a t u r a t e d  s o l u t i o n  o f  UCl i n
3
w a t e r  i n  c o n t a c t  w i t h  th e  s o l i d  a t  0 °  i s  c o n s i d e r e d  
to  be more s t a b l e  t h a n  one w i th  no s o l i d  p r e s e n t .  I n  
a l l  c a s e s  th e  amount o f  h ydrogen  ev o lv e d  c o r r e s p o n d e d  
c l o s e l y  to  t h a t  e x p e c t e d  f o r  th e  r e d u c t i o n  of  w a t e r
by  u r a n i u m ( I I l ) . The r e a c t i o n  a t  2U° i s  r e p o r t e d  to
be  f o u r  t im es  more r a p i d  t h a n  a t  0 ° .
L o e b e l  ( 8 3 ) a l s o  o b t a i n e d  a r ed  s o l u t i o n  o f
u r a n i u m ( I I I )  b romide  by  e l e c t r o - r e d u c t i o n  o f  a s o l u t i o n
o f  Uu r a n i c  a c i d if i n  hyd ro b ro m ic  a c i d .  He a l s o  a t t e m p t e d ,
u n s u c c e s s f u l l y  ho w ever ,  th e  p r e p a r a t i o n  o f  aqueous
s o l u t i o n s  o f  UI by  e l e c t r o - r e d u c t i o n .
3
Mention must a l s o  be made o f  th e  a t t e m p t s  (37) (81+)
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to  p r e p a r e  u r a n i u m ( i l l )  f l u o r i d e  from aqueous s o l u t i o n .  
A r e d d i s h - b r o w n ,  r a p i d l y  o x i d i s i n g  p r e c i p i t a t e  was 
o b t a i n e d  "by the  a d d i t i o n  o f  aqueous h y d r o f l u o r i c  a c i d  
to  an aqueous s o l u t i o n  o f  u ran ium  t r i c h l o r i d e .  However, 
o n ly  u ran iu m  t e t r a f l u o r i d e  could  he  i s o l a t e d  from 
th e  r e a c t i o n  p r o d u c t .  S i m i l a r  a t t e m p t s  (37) (84) to  
i s o l a t e  u r a n i u m ( l l l )  f l u o r i d e  from n o n -aq u e o u s  s o l v e n t s  
f a i l e d .  U r a n iu m ( I I I )  b rom ide  was d i s s o l v e d  i n  d i m e t h y 1-  
formamide and t r e a t e d  w i th  anhydrous  hydrogen  f l u o r i d e ,  
how ever ,  o n ly  a g r e e n ,  t a r r y ,  o x i d i s e d  p r o d u c t  was 
i s o l a t e d .
I t  i s  r e p o r t e d  ( 8 5 ) t h a t  u ran ium  m e t a l  d i s s o l v e s  
i n  m e th a n o l  s a t u r a t e d  w i t h  IICl gas t o  g iv e  a r e d  
s o l u t i o n .  Uranium m e t a l  r e a c t s  r a p i d l y  w i t h  6lT IiCl 
w i th  p r o d u c t i o n  o f  a r e d - p u r p l e  s o l u t i o n .  From h y d ro g e n  
e v o l u t i o n  e x p e r im e n t s  (86) i t  i s  r e p o r t e d  t h a t  th e  
s o l u t i o n  c o r r e sp o n d e d  t o  a v a le n c e  s t a t e  o f  3 - 2  -  3*4*
A q u a n t i t y  o f  a b l a c k  s o l i d  ( p o s s i b l y  h y d r a t e d  u ra n iu m  
d i o x i d e )  i s  a l s o  p ro d uced .  U s ing  12U HC1 a g r e e n  
u ran iu m ( lV )  s o l u t i o n  i s  p roduced  t o g e t h e r  w i t h  th e  
b l a c k  s o l i d .  Hydrobrornic a c id  i s  r e p o r t e d  to  r e a c t  
s i m i l a r l y .  Uranium m e t a l  i s  n a s s i v e  to w ard s  6lT Br.SO. •
Someya (8 7 ) d i s c u s s e d  th e  c o l o u r  o f  t e r v a l e n t  
u ran iu m  i n  s o l u t i o n  o b t a i n e d  by z in c  amalgam r e d u c t i o n  
o f  u r a n y l  s a l t s  i n  v a r i o u s  c o n c e n t r a t i o n s  o f  h y d r o ­
c h l o r i c  a c i d .  He p o i n t e d  ou t  t h a t  t e r v a l e n t  u r a n iu m  
was red  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  b u t  g r e y i s h -
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g r e e n  i n  more d i l u t e  a c i d .  F u r t h e r m o r e ,  th e  g r e e n  
s o l u t i o n  was n o t  o x i d i s e d  (u ran ium ( lV )  s o l u t i o n s  a r e  
a l s o  g r e e n )  s i n c e  i t  would s t i l l  r ed u c e  s t a n d a r d  
o x i d i s i n g  a g e n t s  q u a n t i t a t i v e l y  ag t e r v a l e n t  uranium*
More r e c e n t l y  J o r g e n s e n  ( 8 8 ) ,  s t u d y i n g  th e  u l t r a ­
v i o l e t  and v i s i b l e  s p e c t r a  o f  u r a n i u m ( l l l )  i o n s  i n  
s o l u t i o n ,  came to  s i m i l a r  c o n c l u s i o n s  and sho?/ed t h a t  
t h e  red  c o l o u r  o n l y  e x i s t e d  i n  h y d r o c h l o r i c  a c i d  s o l u t i o n  
o f  g r e a t e r  c o n c e n t r a t i o n  th a n  9N and t h a t  i n  h y d r o -  
b rom ic  a c id  s o l u t i o n  no r ed  c o l o u r s  were o b se rv ed  
even  a t  h i g h  a c id  c o n c e n t r a t i o n .  The red  c o l o u r  he 
s u g g e s t e d  was due to  th e  f o r m a t i o n  o f  complex i o n s .
The p r e p a r a t i o n  o f  s o l u t i o n s  o f  u r a n i u m ( I I I )  
s u l p h a t e  by e l e c t r o - r e d u c t i o n  u s i n g  a cadmium c a th o d e  
has  b e en  d e s c r i b e d  by T r e a d w e l l  and H i e r i k e r  ( 8 9 ) .
The p r e p a r a t i o n  and s t a b i l i t y  o f  t e r v a l e n t  u ran iu m  
i n  s u l p h u r i c  and h y d r o c h l o r i c  a c i d s  o f  v a r i o u s  
c o n c e n t r a t i o n s ,  o b t a i n e d  by  r e d u c t i o n  o f  u ran j^ l  s a l t s  
w i t h  l i q u i d  z in c  amalgam i n  an i n e r t  a tm o sp h e re ,  h a s  
r e c e n t l y  b e en  i n v e s t i g a t e d  by S a to  ( 9 0 ) .  S a to  co n c lu d ed  
t h a t  t e r v a l e n t  u ran iu m  i n  d i l u t e  a c i d  s o l u t i o n  was 
c o n s i d e r a b l y  more s t a b l e  t h a n  was p r e v i o u s l y  su p p o s e d .  
More r e c e n t l y  R u s s i a n  w o rke rs  (91) have  i n v e s t i g a t e d  
t h e  p r e p a r a t i o n  o f  t e r v a l e n t  u ran ium  i n  d i l u t e  
h y d r o c h l o r i c  a c id  s o l u t i o n  by e l e c t r o - r e d u c t i o n .  Any 
r e m a in i n g  u ran ium ( lV )  was removed by  s o l v e n t  e x t r a c t i o n  
w i t h  d i - 2 - e t h y l h e x y l p h o s p h o r i c  a c i d .
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S o l u t i o n s  of t e r v a l e n t  u ran iu m  have a l s o  b e en  
p r e p a r e d  by -passing s l i g h t l y  a c i d i c  u r a n y l  c h l o r i d e  
s o l u t i o n s  th r o u g h  a Jones  r e d u c t o r  c o n t a i n i n g  1 p e r  
c e n t  amalgamated z in c  ( 9 2 ) .  i t  i s  a l s o  r e p o r t e d  (93) 
t h a t  t h i s  method g iv e s  i n c o m p le te  r e d u c t i o n  to  
u r a n i u m ( l l l ) , a p p r e c i a b l e  amounts o f  u ran iu m (IV )  
r e m a in i n g  i n  th e  f i n a l  s o l u t i o n .
The v i s i b l e  and u l t r a - v i o l e t  s p e c t r a  o f  u r a n i u m ( I I I )  
i n  p e r c h l o r i c ,  d e u t e r a t e d  p e r c h l o r i c  (94) (95) and 
h y d r o c h l o r i c  a c i d s  (88) (92) (96) have  b e en  r e c o r d e d .  
M agne t ic  s u s c e p t i b i l i t y  m easu rem en ts  have a l s o  b e e n  
made on u r a n i u m ( I I I )  i n  h y d r o c h l o r i c  and s u l p h u r i c  
a c i d  s o l u t i o n s  ( 9 7 ) .
S in ce  even  s i m p l e ,  h y d r a t e d  u r a n i u m ( I I I )  compounds 
have n o t  p r e v i o u s l y  b e e n  p r e p a r e d ,  l i t t l e  i s  known 
o f  th e  complex f o rm in g  a b i l i t y  o f  u r a n i u m ( I I I ) i  I n  
t h e  l a n t h a n i d e s  t h e  4 f  e l e c t r o n s  a r e  w e l l  s h i e l d e d  
and a r e  n o t  g e n e r a l l y  a c c e s s i b l e  f o r  b on d in g  p u r p o s e s .
The 5 f  o r b i t a l s  i n  th e  a c t i n i d e s ,  however ,  e x te n d  
s p a t i a l l y  i n t o  th e  o u t e r  v a l e n c e  r e g i o n s  o f  t h e  atom 
and a r e  more a c c e s s i b l e .  Kence,  c h e m ic a l  b o n d in g  may 
i n v o l v e  5f?  6d ,  7s and 7p o r b i t a l s  o r  h y b r i d s  o f  
t h e s e .  I n  t h e o r y  the  t e r v a l e n t  a c t i n i d e s  co u ld  form 
a w id e r  v a r i e t y  o f  complex compounds t h a n  th e  
t e r v a l e n t  l a n t h a n i d e s ,  a l t h o u g h  t h i s  has  n o t  been  
shown b e c a u s e  o f  the  l a c k  o f  e x p e r i m e n t a l  d a t a .  The 
g r e a t e r  S p a t i a l  e x t e n s i o n  o f  th e  5 f  o r b i t a l s  h a s  been
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shown e x p e r i m e n t a l l y  ( 9 8 ) ;  the  e l e c t r o n  s p i n  r e s o n a n c e
s p e c t r u m  o f  UP i n  a CaF_ l a t t i c e  shows s t r u c t u r e  3 2
a t  t r i h u t a b l e  to  t h e  i n t e r a c t i o n  o f  f l u o r i n e  n u c l e i  
w i th  t h e  e l e c t r o n  s p i n  of  th e  U^+ ion* T h is  i m p l i e s  
a s m a l l  o v e r l a p  o f  5 f  o r b i t a l s  w i th  f l u o r i n e  and 
c o n s t i t u t e s  an f  c o v a l e n t  c o n t r i b u t i o n  t o  the  i o n i c  
■bonding. W ith  th e  neodymium io n  a s i m i l a r  e f f e c t  i s  
n o t  o b s e r v e d .
An a p p ro x im a te  measure  o f  th e  complex fo rm in g  
ten d en cy  o f  a p a r t i c u l a r  i o n  i s  g iv e n  by th e  
c h a r g e / r a d i u s  r a t i o ,  i . e . ,  t h e  s m a l l e r  th e  i o n  and 
th e  g r e a t e r  th e  c h a r g e ,  th e  g r e a t e r  w i l l  he i t s  t e n d e n c y  
t o  complex. To a f i r s t  a p p r o x i m a t i o n  t h e r e f o r e ,  i t  
can  he s a id  t h a t  th e  complex f o r m a t i o n  would he more 
l i  k e l y  w i th  u ran iu m ( lV )  th a n  u r a n i u m ( i l l ) . S i m i l a r l y  
b e c a u s e  o f  th e  ‘a c t i n i d e  c o n t r a c t i o n ^  o p e r a t i v e  i n  
t h e  +3 o x i d a t i o n  s t a t e ,  t h e  t e n d e n c y  to  complex 
i n c r e a s e s  i n  t h e  o r d e r :
Ion: U3+ Hp3+ Pu3+ Am3+
I o n i c  r a d i u s  (A):  1 .03  1 .0 1  1 .0 0  0 .9 9
The complex fo rm in g  a b i l i t y  o f  Nd^+ h a s  r e c e n t l y  
b e e n  i n v e s t i g a t e d ,  and from changes  o f  i t s  v i s i b l e  
s p e c t r u m ,  some c o v a l e n t  n a t u r e  can  be a s c r i b e d  to  
the  bonds formed ( 99 )*
R e c e n t l y  S h i l o h  and Marcus (92) have  q u a n t i t a t i v e l y  
i n v e s t i g a t e d  th e  c o m p lex - fo rm ing  t e n d e n c y  o f  
u r a n i u m ( l l l )  i n  s o l u t i o n .  Prom th e  p r e s e n c e  o f  bands
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a t  1 8 ,3 8 0  and 1 8 ,2 8 0  cm. ” 1 i n  th e  v i s i b l e  sp e c t ru m  
o f  u r a n i u m ( l l l )  i n  c o n c e n t r a t e d  l i t h i u m  c h l o r i d e  and 
bromide  s o l u t i o n s  r e s p e c t i v e l y ,  the  e x i s t e n c e  o f  the  
complex s p e c i e s  UC12+ and UBr2+ was dedu ced .  S t a b i l i t y  
c o n s t a n t s  o f  k  = 1-3+ 0 . 3  x 10” ^ IvT1 f o r  UC12+ and 
k = 1 .1+  0 . 2  x 10"I{- M"1 f o r  UBr2+ were r e p o r t e d .  The 
s p e c t r a  o b se rv e d  i n  l i t h i u m  h a l i d e  s o l u t i o n s  be low  
c a .  6N d id  n o t  d i f f e r  a p p r e c i a b l y  from t h o s e  o f  
d i l u t e  aqueous u r a n i u m ( I I l ) . However, a t  h i g h e r  
c o n c e n t r a t i o n s  th e  s o l u t i o n s  became deep  r e d  b e c a u s e  
o f  the  new 3 f  -  6d band a t  18 ,000  cm."*1 S i m i l a r l y ,  
from the  s h i f t s  i n  i n t e n s i t y  i n  th e  sp e c t ru m  o f  
u r a n i u m ( l l l )  w i th  i n c r e a s i n g  c o n c e n t r a t i o n  o f  s u l p h u r i c  
a c i d ,  complex f o r m a t i o n  was deduced b u t  no q u a n t i t ­
a t i v e  m easurem ents  were made. U n s t a b l e ,  b r o w n i s h -  
y e l lo w  s o l u t i o n s  o f  u r a n i u m ( I l l )  were o b t a i n e d  i n  
s o l u t i o n s  o f  t h i o c y a n a t e  and b i s u l p h i t e .  U n s t a b l e  
u r a n i u m ( l l l )  c a r b o n a t e  was a l s o  r e p o r t e d  to  be 
i n s o l u b l e  i n  p o ta s s i u m  c a r b o n a t e  s o l u t i o n s  a t  pH 10 -  11. 
T h is  i s  n o t  t h e  c a se  w i th  p l u t o n i u m ( I I I )  and 
a m e r i c i u m ( I I I )  which form c a r b o n a t o - c o m p l e x e s .
S a to  ( 10 0 ) has  s i m i l a r l y  r e c o r d e d  t h e  v i s i b l e  
sxxectra o f  u r a n i u m ( l l l )  i n  v a r i o u s  c o n c e n t r a t i o n s  o f  
s u l p h u r i c ,  p e r c h l o r i c  and h y d r o c h l o r i c  a c i d s .  He found  
o n ly  s l i g h t  v a r i a t i o n  i n  t h e  s p e c t r a  w i t h  i n c r e a s e  i n  
a c id  c o n c e n t r a t i o n  (up t o  6N HC1 and KC10. andk
ION H SO. ) .  I n  12N HG1 the  i n t e n s e  b ro a d  band a t  
2 k
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( 1 8 ,2 5 0  cm.” 1 ) was a l s o  o b se rv ed  as p r e v i o u s l y  r e p o r t e d  
by  J o r g e n s e n  (81+). Prom i o n  exchange s t u d i e s  S a to  
a l s o  showed the  p r e s e n c e  o f  an a n i o n i c  c h lo r o - c o m p le x  
f o r  u r a n i u m ( I I I )  i n  h y d r o c h l o r i c  a c id  c o n c e n t r a t i o n s  
g r e a t e r  t h a n  7N.
I t  i s  a p p a r e n t  t h a t  i n  h i g h  c o n c e n t r a t i o n s  o f
h a l i d e  i o n s ,  w a t e r  can  be d i s p l a c e d  from th e  h y d r a t i o n
s p h e r e  o f  t h e  a c t i n i d e ( I I I )  i o n s .  N e p t u n i u m ( i l l ) ,
p l u t o n i u m ( I I I )  and a m e r i c i u m ( l l l )  have b e e n  shown
to  g iv e  s i m i l a r  s p e c i e s ,  MCI2* and MCI + (101) (1 0 2 ) .
Io n  exchange work (103) (101+) h as  co n f i rm ed  th e
e x i s t e n c e  o f  such  s p e c i e s  f o r  a m e r i c i u m ( l l l ) . I n  v e r y
h i g h  c h l o r i d e  c o n c e n t r a t i o n ,  f o r m a t i o n  o f  a n i o n i c
complexes AmCl. ” and AmCi 2” has  be en  r e p o r t e d  b o t h  
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from s p e c t r o p h o t o m e t r i c  work ( 1 0 5 ) and i o n  exchange  
s t u d i e s  (106) (107) (1 0 8 ) .  There  i s  some e v id e n c e  
t h a t  CmCl2+ i s  more s t a b l e  t h a n  e i t h e r  P u C l2+ o r  
AmCl2* ( 1 0 9 ) .  Bromide i o n  a l s o  forms s i m i l a r  b u t  w eaker  
com plexes ,  b u t  i o d i d e  i o n  does  n o t  a p p e a r  to  complex 
a t  a l l .
Prom p o l a r o g r a p h i c  s t u d i e s  (1 1 0 ) ,  a u r a n i u m ( l l l )  
c u p f e r r o n  complex has  b e en  r e p o r t e d  i n  s o l u t i o n .  Prom 
th e  r e l a t i v e  p o s i t i o n s  o f  th e  h a l f - w a v e  p o t e n t i a l s  
f o r  u r a n i u m ( I I I )  and u ran iu m (IV )  c u p f e r r o n a t e s  
( u r a n i u m ( I I l )  occu py in g  a more p o s i t i v e  p o s i t i o n ) ,  
i t  was a rgued  t h a t  th e  u r a n i u m ( l l l )  c u p f e r r o n a t e  was 
as  s t a b l e ,  i f  n o t  more s o ,  t h a n  u ran iu m ( lV )  c u p f e r r o n a t e .
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T here  have  b een  no f u r t h e r  r e p o r t s  o f  t h i s  compound.
Most o f  th e  e v id e n c e  c o n c e r n i n g  complex f o r m a t i o n  
by  th e  t e r v a l e n t  a c t i n i d e s  h as  r e s u l t e d  f rom  m ea su re ­
ments i n  agueous s o l u t i o n  (1 1 1 ) .  The co m plex ing  
t e n d e n c y  o f  n e p t u n i u m ( l l l )  h a s  been  l i t t l e  i n v e s t i g a t e d *  
Only s l i g h t  changes  i n  t h e  v i s i b l e  s p e c t r a  a r e  ob se rved  
w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  e i t h e r  HCIO^ o r  HC1. 
A t te m p ts  w i t h  o x a l a t e  o r  f'DTA gave o n ly  n e p tu n iu m (IV )  
com plexes .
From s o l u t i o n  s p e c t r a l  m easurem ents  (112) th e  
p r e s e n c e  o f  th e  s u l p h a to - c o m p l e x e s  AmSO^+ and Am(SO^) ~ 
was ded uced .  S i m i l a r l y  the  complex io n s  PuSO^* and 
P u ( S 0^ ) 2” a r e  th o u g h t  to  e x i s t ,  how ever ,  th e  changes  
i n  th e  a b s o r p t i o n  s p e c t r a  a r e  s l i g h t  even  i n  h i g h  
s u l p h a t e  i o n  c o n c e n t r a t i o n  ( i l l )  (113)* P l u t o n i u m ( l I I )  
h y d r o x id e  d i s s o l v e s  i n  p o t a s s i u m  c a r b o n a t e  s o l u t i o n s  
i n  t h e  p r e s e n c e  o f  a r e d u c i n g  a g en t  to  g iv e  b l u e  
s o l u t i o n s  h a v in g  c h a r a c t e r i s t i c  a b s o r p t i o n  s p e c t r a .
The f o r m a t i o n  o f  c a r b o n a to - c o m p le x e s  has  b e en  q u a n t i t ­
a t i v e l y  a s s i g n e d  ( i l l ) .  S p e c t r o p h o t o m e t r i e  d a t a  i s  
i n c o n c l u s i v e  i n  th e  c a s e s  o f  a m e r i c i u m ( I I I )  
c a r b o n a t o - c o m p l e x e s .  J S l e c t r o m i g r a t i o n  e x p e r i m e n t s ,  
how ever ,  i n d i c a t e  t h a t  a n i o n i c  complexes a r e  formed 
(111) w i t h  b o t h  c a r b o n a t e  and a c e t a t e  i o n s .  From 
s o l u b i l i t y  m easurements  ( i l l )  on p l u t o n i u m ( I I I )  
o x a l a t e  i n  s o l u t i o n s  o f  ammonium o r  p o t a s s i u m  o x a l a t e  
s t a b i l i t y  c o n s t a n t s  f o r  th e  o x a la to - c o m p le x e s
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Pu(C_Oi ) Pu(C 0 ) 5 -  and Pu(C 0 ) 5 -  h ave  b e en  
2 1 + 2  2 1 + 3  2 k  1+r-in —T o — 11found  to  be  2+*9 x 10 , x 10 and 1 1 . 9  X 10
a t  2 0° .  By a s i m i l a r  method t h e  s t a b i l i t y  c o n s t a n t s
have  b e e n  o b t a i n e d  f o r  t h e  a m e r i c i u m ( l l l )  o x a l a t o -
complexes Am(C 0. )* ,  Am(C 0. ) and Am(C 0,* 2 k 2 k 2 2 k 3
From i o n  exchange  s t u d i e s  ( i l l )  a m e r i c i u m ( I I I )  h a s  
b e en  found  t o  forai  t h i o c y a n a t o - c o m p le x e s  o f  t h e  type  
Am(SCN) 3_n n ^ b ,
P l u t o n i u m ( I I I )  forms complexes (111) w i th  3DTA 
i n  the  r a n g e  pH 1 -  !+, s i n c e  above pH5 th e  complexes 
a r e  h y d r o l y s e d .  I n  t h e  r a n g e  pH 1 .5  -  2 . 0  t h e  complex 
PuHY i s  fo rm ed ,  however ,  i n  th e  r a n g e  pH 2 -  1+ th e  
complex PuY~ p r e d o m in a t e s  (Y^“ r e p r e s e n t s  th e  1DTA 
a n i o n ) .  A m e r i c iu m ( I I I )  b e h a v e s  i n  an i d e n t i c a l  manner .
A m e r i c iu m ( I I I )  i s  found  to  complex (111) w i t h  
t h e  a n io n s  o f  c i t r i c ,  t a r t a r i c ,  l a c t i c  and a lpha -hydroX y-  
i s o b u t y r i c  a c i d s  to  g iv e  complexes s u c h  as  A m ( t a r t )  
A m ( c i t ) 0 and A m ( c i t ) ^ - . From s t a b i l i t y  c o n s t a n t  
m easu re m e n ts ,  th e  t e n d e n c i e s  f o r  t h e  o r g a n i c  a c i d  
a n io n s  t o  complex w i th  a m e r i c i u m ( I I I )  a p p e a r  t o  l i e  
i n  the  o r d e r :
o i t 3 " y >  t a r t 2 -  y >  C20 , 2"
• Curium i n  s o l u t i o n  e x i s t s  o n ly  i n  th e  
t e r v a l e n t  s t a t e  and c l o s e l y  r e s e m b le s  a m e r i c i u m ( l l l )  
w i th  r e s p e c t  to  complex f o r m a t i o n .  The s t a b i l i t y  
c o n s t a n t s  f o r  Cm( ^ ^  ^m^ ° 3 ) 3 ^+ '  C m ( S 0 ^ Rn^
Cm(S0 ) + have  b e en  d e te rm in e d  (1 1 1 ) .  From i o n  exchange
L\,
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s t u d i e s  b e r k e l i u m ( l l l )  i s  found to  complex w i t h  c i t r a t e ,  
l a c t a t e ,  a l p h a - h y d r o x y i s o b u t y r a t e  and t h i o c y a n a t e  
a n i o n s .  I t  can a l s o  be  e x t r a c t e d  i n t o  b en ze n e  u s i n g  
t h e o n y l t r i f l u o r o a c e t o n e  ( i l l ) .  C u r i u m ( I I I )  can 
s i m i l a r l y  be  e x t r a c t e d  i n t o  b en ze n e  s o l u t i o n s  o f  
t r i b u t y l p h o s p h a t e  o r  t h i o p h e n e c a r b o n y l t r i f l u o r o a c e t o n e .
The c d u p l e x i n g  t e n d e n c i e s  o f  Cf, E s ,  Pm and Mv 
have  b een  i n v e s t i g a t e d  b y  i o n  exchange m ethods  ( 1 1 1 ) 
u s i n g  o n ly  t r a c e r  amounts .  E i n s t e i n i u m ( I I I )  may be 
a d s o rb e d  f o r  example  on a n i o n i c  exchange r e s i n s  i n  
t h e  form  o f  a n i o n i c  c h l o r o -  o r  t h i o c y a n a t o - c o m p l e x e s .
I n  t h e i r  complex fo rm in g  t e n d e n c i e s  t h e y  c l o s e l y  
r e s e m b le  t h e  e a r l i e r  t r a n s u r a n i u m  e l e m e n t s .
!+• L a n th a n id e  Sul-phates  and Double S u l p h a t e s
I t  i s  a c h a r a c t e r i s t i c  f e a t u r e  o f  t h e  l a n t h a n i d e s  
t h a t  t h e y  r e a d i l y  form d o u b le  s a l t s ,  th e  n i t r a t e s  
and s u l p h a t e s  b e i n g  th e  most  i m p o r t a n t .  The s o l u b i l ­
i t i e s  o f  t h e  sodium l a n t h a n i d e  d o u b le  s u l p h a t e s  have  
b e en  u se d  as  a method o f  s e p a r a t i o n  f o r  t h e  i o n s  i n  
t h e  +3 o x i d a t i o n  s t a t e .  T h e i r  s o l u b i l i t i e s  f a l l  i n t o  
r o u g h l y  two c l a s s e s ,  the  c e r iu m  g ro u p ,  La -  Eu, w hich  
a r e  o n ly  s p a r i n g l y  s o l u b l e  i n  sodium s u l p h a t e  s o l u t i o n ,  
and th e  y t t r i u m  g ro u p ,  Cd -  Lu and Y, which a r e  
a p p r e c i a b l y  s o l u b l e .
C o n s i d e r in g  f i r s t  t h e  s im p le  s u l p h a t e s  ( w i t h  t h e  
e x c e p t i o n  o f  p ro m eth ium ) ,  anh y d rou s  s a l t s  and o c t a -  
h y d r a t e s  a r e  known f o r  a l l  t h e  l a n t h a n i d e s .  H y d r a t e s
-  3k  -
o f  l a n t h a n u m ( l l l )  s u l p h a t e  L a ^ S O ^ )  .xH^O a r e  known 
where x = 1, 6 , 8 , 9 and 16. C e r i u m ( I I I ) , l i k e w i s e ,  
forms s u l p h a t e s  w i th  1 , k,  5 , 8 , 9 and 12  m o le c u le s  
o f  w a t e r ;  and p r a s e o d y m iu m ( I I I )  s u l p h a t e s  w i th  8 ,
12 and 15•5 m o le c u le s  o f  w a t e r .  F o r  n e o d y m iu m (I I I )  
i n  a d d i t i o n  to  Nd (SO. ) . 8H 0, h y d r a t e s  a r e  known
h- j  2
w i t h  5 and 15 m o le c u le s  o f  w a t e r  (Hit . ) .
A l a r g e  number o f  a l k a l i  m e t a l  and r e l a t e d  d o u b le  
s u l p h a t e s  a r e  known f o r  th e  l a n t h a n i d e ( I I I )  i o n s .
These  a r e  b e s t  i l l u s t r a t e d  by  r e f e r e n c e  t o  n e o d y m iu m (H I )  
f o r  which  t h e  f o l l o w i n g  d o u b le  s u l p h a t e s  a r e  known:
Edo (S0 ) .Ha SO, .2H 0 ( 1 1 5 )
2 k 3 2 k 2
2Nd (SO, ) . 3Ha SO ,5H 0
2 b 3 2 b 2
3Kd (SO ) .ItJMa so, . 6 ;-i 0 
2 it- 3 2 i+ 2
IjHdfSO, ) .5Na SO, . 8H 0 
2 It 3 2 it 2
Nd2 (S0lt) 3 ' K2 S0Z4.,2H2 0 ( i l 6 )
Nd2 (S0u )^ .3K 2 S0 .2H20
Hd2 (S0u ) 3 . iu t2S0^ . 2H20
3 .liRz SOk .B20
Hd„(S0 ) .5K SO . 2H 0
2 k 3 2 1 + 2
2Nd2 (S 0^ )3 .3K: SO . 8H 0 
Rd2 (S0^)3 .Rb2S0 , . 8 H 20 (117)
Hd2 (S0 ) 3 . gs 2S 0 ^ .3 h 2°  (118)
M 2 (SV 3 ,(N V 2 SV 8H2° (1X9)
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K d 2 (S£V V (N 2V 2 S V 3H 2 °  ( 1 2 0 )
M „(SO , ) , . T 1  SO, . 8H 0 (121)
2 2+ 3 2 b 2
Hd (SO, ) .T1 SO ,3H 0
2  b 3 2 b 2
Nd2 (SV 3 * il- 55?12S0li
L a n th a n id e  d o u b le  s u l p h a t e  sys tem s  a r e  d i s c u s s e d  
i n  d e t a i l  i n  t e x t s  (111+) (122) (123)* Double s u l p h a t e s  
a r e  a l s o  r e p o r t e d  ( 121+) w i t h  p y r i d i n i u m ,  q u i n o l i n i u m  
and g u a n id i n e  s u l p h a t e s  e . g .
Ce2 (S V  3*3  (C5H5NH) 2SV  3H2°
Ceo (S0, ) .6C-IUUUHoS0. .17H 0d i+j> y f d 4  2
2Ce (SO^) 2 - i(NH) C(NH2 ) 2 .H2S0^. lOK^O
The c r y s t a l  s t r u c t u r e  f o r  Nd2 (S0^)^ .8H^0 h a s  b e e n  
d e te r m in e d  ( 1 2 3 ) and i t  p o s s e s s e s  m o n o c l i n i c  symmetry  
w i t h  a t e t r a m o l e c u l a r  u n i t  c e l l .  I t  i s  i som orphous  
w i t h  P r 2 (S0p 3 . 8H20 and Sm2 (S0^ )  . 8 ^ 0  ( 1 2 6 ) .
5• A c t i n i d e  S u l p h a t e s  and Double S u l p h a t e s
I n  c o n t r a s t  t o  th e  l a n t h a n i d e s ,  c o n s i d e r a b l y  
l e s s  i s  known a b o u t  a c t i n i d e  d o u b le  s u l p h a t e  s y s t e m s .  
Only th o se  o f  u r a n i u m ( lV ) ,  p l u t o n i u m ( I I I ) , p l u to n i u m ( lV )  
and a m e r i c i u m ( l l l )  have  r e c e i v e d  d e t a i l e d  i n v e s t i g a t i o n .
A l i s t  o f  th e  h y d r a t e d  s u l p h a t e s  and d o u b le  s u l p h a t e s  
known f o r  t h e s e  i o n s  can be  fou nd  i n  T a b le s  1 and 2.
P l u t o n i u m ( I I I )  s u l p h a t e  i s  r e p o r t e d  as  th e  h e p t a -  
h y d r a t e  (127) and th e  p e n t a h y d r a t e  ( 1 2 8 ) .  P l u t o n i u m ( I I l )  
s u l p h a t e  can  be p r e p a r e d  by  r e d u c t i o n  o f  a s o l u t i o n  
o f  p lu to n iu m ( IV )  i n  12T HgSO^ b y  h y d ro g e n  and p l a t i n i z e d
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TABLE 1
A c t i n i d e ( I V )  S u l p h a t e s  and Double S u l p h a t e s
-•U-r )m. i i  . »i r i  i ■ -■  1 i -T ■ * ---------     1,11    ■■■■■>«.. ■
Uranium(IV) b o l o u r  i P lu to n iu m (IV ) C o lo u r
|Pu(sou) 2
U(S0j+) 2 .1|H20 
U(S0u ) 2 .8H20 |
; ( b h u ) 2u ( s o u ) 3 . z h 2 o j
(HHU) 2U(S°!4.) 3 (ACet)2^
(KHu ) 2U(S04 ) 3 ( A c e t ) 2
*4H20
( m k)hv(soh)k 
'(KH ) U(SO ) -3H 0
(KV 6 U(SV 5 - ¥ 12°
n v n v 3^ 0
'', ‘ 6', 2 iS0k'1 -m 2°
Na, U(SO, ). . 6k 0 k b k  2
K U(SO. ) , . 2 H  0 
2 4  3 2
v ^ w 2"*0
m 2u ( s \ ) 3 
HU, U(SO, ), . 2H 0 
U *4 !+ 2
Cs2U ( S C y 3 . 2H20
* A oe t .  = CH C0UH2
jgreen |Pu(SO. ) 2 -i+H20
(BH ) P a t S O ^ . J ^ O
K, Pu(SO ). .2H 0k k b  2
Hb P a ( S °  ) u .2H2°
p a l e
pinlc
c o r a l
p i n k
g r e e n
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TABLE 2
A c t i n i d e ( I I I )  S u l p h a t e s  and Double S u l p h a t e s
...----' 1 ................................................ I
P l u t o n i u m ( I I I ) C o lo u r  | A m e r i c iu m ( I I I ) C o lo u r
Pu (SO, ) -5H 0
2 k 3 2
Pu (SO ) .7H 0 
2 k 3 2
"blue
v i o l e t
!
Um2 (S04 ) 3 *5H20
i
I
p i n k
!;
!
KaPu(SO, ) .1+H 0
4. 4  2  2
UaPu(SO, ) .H 0 
1+2 2
sk y  Blue 
■blue
■
:
KPu(SO, ) 0 .5H 0 1+2  2
KPu(S0i+) 2*H 0
l a v e n d e r
b l u e
b l u e
KAm(S0u ) 2 . 2H20
KPu(SO, ) .2H 0 
1+2  . 2
K5P a ( S ° ^ ) ^
tr
w h i te
K,Am(SO, ) .2H 0 
3 1+3  2
p a l e
l a v e n d e r V m2 (S° ^ 7
EbPu(80, ) .1+H 0 
1+2  2
l a v e n d e r
b l u e
EbAm(SO ) .1+H 0 
1 + 2  2
CsPu(SO, ) .1+H 0
U - 2  2
a CsAm(SO, ) .1+H 0 
1+2  2
Ca Am (SO, )
8  2 V 1 + 7
TlPu(SO. ) .i+H 0 
1 + 2  2
T1 Pu(SO )
5 1+1+
l i g h t
b l u e
TlAm(SO, ) .1+H 0 
1 + 2  2
T 1 8 Am2 ( S 0 U } 7
4HH Pu(SO ) .1+H 0 
1+ 1+2  2
it
--- ------------——  y - 1- —"
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p l a t i n u m  (129)* The h y d r a t e d  s u l p h a t e  i s  p r e c i p i t a t e d  
hy a d d i t i o n  o f  a l c o h o l .  A s o l u t i o n  o f  p lu to n iu m ( lV )  
can  he p r e p a r e d ,  f o r  ex am ple ,  hy  d i s s o l v i n g  the  d i o x i d e  
o r  h y d r o x id e  ( o b t a i n e d  v i a  th e  t e t r a n i t r a t e )  i n  d i l u t e  
s u l p h u r i c  a c i d .  S o l u t i o n s  o f  p l u t o n i u m ( I I I )  a r e  s t a b l e  
tow ards  a tm o s p h e r i c  o x i d a t i o n  b u t  a r e  s l o w l y  o x i d i s e d  
t o  p lu to n iu m ( I V )  owing t o  t h e i r  i n t e n s e  a lp h a  r a d i o ­
a c t i v i t y .  The compound Pu (SO, ) .5H 0 i s  isom orphous2 *+ 3 2
w i t h  Nd2 ( S 0 j p b o t h  o f  which p o s s e s s  m o n o c l in ic
symmetry (1 2 8 ) .
A number o f  dou b le  s u l p h a t e s  o f  p l u t o n i u m ( I I I )
have  b e e n  r e p o r t e d  by  Anderson  (129) h a v in g  th e  g e n e r a l
fo rm u la  M. Pu(S0, ) .1+H 0 (M = Ha, K, Rb, Cs, T1 and *+•2 2
NH^). I n  a d d i t i o n  th e  compounds K^Pu(SO^)^ and 
T1 Pu(SO ) were p r e p a r e d .  He was u n a b l e  to  o b t a i nD “r
any e v id e n c e  f o r  t h e  e x i s t e n c e  o f  d o u b le  s u l p h a t e s  
o f  th e  type  M^oPufSO^) . S t a r i t s k y  and T r u i t t  (128) 
have  made d e t a i l e d  s t u d i e s  on th e  c r y s t a l  s t r u c t u r e s  
o f  p l u t o n i u m ( I I I )  and n e o d y m iu m ( i l l )  d o u b le  s u l p h a t e s  
and showed th e  p l u t o n i u m ( I I l )  s a l t s  NaPu(SO^)^oHgO, 
KPu(S0^)2 .H20 and KPu(SO^)2 *2H^0 t o  be  isom orphous  
YdthilTahTd ( S 0 ^ ) 2 .H20, K N d ( S O ^ . H ^  and KHd(SO^)2 *2H20.  
They a l s o  showed m o n o c l i n i c  RH^Ce (SO^) g.l+HgO t o  be 
i som orphous  w i t h  HH^Pu^O^g.l+H^O. They r e p o r t e d  
t h e  compound KgPu (SO^)^ and were u n a b le  t o  c o n f i r m  
th e  f o r m u l a t i o n  K^Pu(SO^)^ g iv e n  by  A n d e rso n .  A l th o u g h  
a number o f  doub le  s u l p h a t e s  a r e  r e p o r t e d  f o r
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n e o d y m iu m ( l l l )  w i t h  sodium ( se e  p r e v i o u s  s e c t i o n  on
l a n t h a n i d e ,  d o u b le  sulxDhates) ? t h e s e  w o rk e r s  found
o n ly  Nalld(SO. ) . L O ,
The p r e p a r a t i o n  o f  p l u t o n i u m ( T / )  s u l p h a t e  t e t r a -
h y d r a t e  has  b een  d e s c r i b e d  by  A nderson  (1 3 0 ) .  From
m a g n e t i c  m easu rem en ts  ( 1 3 1 ) i t  has  b e en  shown t o  have
a t e m p e r a t u r e - d e p e n d e n t  moment w i th  a l a r g e  © v a l u e
-  2 .96  3.M. -at room t^mpe-r -at u r e  and 0 = 2 9 0 ° ) .
C r y s t a l l o g r a p h i c  measurements  i n d i c a t e d  an o r t h o r h o m b ic
s t r u c t u r e  (1 2 8 ) .  Double s u l p h a t e s  a re  known (132) f o r
p lu to n iu m ( lV )  h a v in g  t h e  g e n e r a l  fo rm u la  Mj^ Pu ( S 0 ^ ) ^ . xH20
(M = K, Rb and NHj and x = 1 o r  2 ) .  M agnet ic  m easu rem en ts
( 1 3 1 ) on R b P u (S O ^)^ .2H^0 a l s o  i n d i c a t e d  a t e m p e r a t u r e -
d e p e n d e n t  moment ( ^ * =  2 .9 8  B.M. and © = 83O0 ) .
A m e r i c i u m ( l l l )  s u l p h a t e  p e n t a h y d r a t e
h a s  b e e n  r e p o r t e d  and i t s  s o l u t i o n  s p e c t ru m  r e c o r d e d
(1 3 3 ) .  I t  was p r e p a r e d  by  d i s s o l v i n g  Am02 i n  1611 H SOj 9^ 4
d i l u t i n g  to  IN and p r e c i p i t a t i n g  w i t h  e t h a n o l .  
A m e r i c i u m ( l l l )  forms a number o f  a l k a l i  m e t a l  d o u b le  
s u l p h a t e s  (133) a l i s t  o f  which i s  g iv e n  i n  T ab le  2.
The s o l i d  s t a t e  s p e c t r a  f o r  t h e s e  a m e r i c i u m ( i l l )  
s u l p h a t e s  and d o u b le  s u l p h a t e s  were a l s o  r e c o r d e d .
F i n e  s p l i t t i n g  o f  th e  f - f  a b s o r p t i o n  bands  o b se rv ed  
was a s s i g n e d  t o  e l e c t r o n i c - v i b r a t i o n a l  bands  a r i s i n g  
from th e  s u p e r p o s i t i o n  o f  l a t t i c e  v i b r a t i o n s  on th e  
e l e c t r o n i c  t r a n s i t i o n s .  S i m i l a r  e f f e c t s  (13U) have
-  ko  -
b e e n  o b se rv e d  f o r  neodymium( I I I ) .  .
P r i o r  t o  t h i s  work* t h e r e  was no r e p o r t  o f  a 
s im p le  h y d r a t e d  s u l p h a t e  o f  u r a n i u m ( l l l ) , t h e  o n ly  
r e p o r t  o f  a t e r v a l e n t  u ran iu m  s u l p h a t e  was t h a t  made 
by  Rosenheim ( 8 1 ) .  A compound Hl^SOjPg was o b t a i n e d  
as  brown l e a f l e t s  by a d d i t i o n  o f  c o n c e n t r a t e d  s u l p h u r i c  
a c i d  a t  0°  to  a s o l u t i o n  o f  t e r v a l e n t  u ra n iu m  o b t a i n e d  
e l e c t r o l y t i c a l l y .  L o e b e l  ( 8 3 ) a l s o  o b t a i n e d  t h e  same 
compound by  a d d i t i o n  o f  c o n c e n t r a t e d  s u l p h u r i c  a c i d  
a t  0°  to  a s o l u t i o n  o f  t e r v a l e n t  u ran iu m  b r o m id e .  
A d d i t i o n  o f  p o t a s s i u m  s u l p h a t e  v/as r e p o r t e d  t o  p r e c i p ­
i t a t e  a g r e e n  compound o f  u n c e r t a i n  com pos i t ion *
S in c e  the  a p p a r a t u s  and method u se d  i s  s i m i l a r ^  to  
t h a t  u sed  i n  t h e  p r e s e n t  w orks a b r i e f  d e s c r i p t i o n  
w i l l  be g i v e n .
The r e d u c t i o n  was p e r fo rm ed  a t  a m ercu ry  c a th o d e  
i n  an a tm o sp he re  o f  CO2 * c a rb o n  anode was s e p a r a t e d
f ro m  t h e  b u l k  o f  th e  s o l u t i o n  by  means o f  a p o ro u s  
d iap h ragm  and t h e  e l e c t r o l y t e  was a 15 p e r  c e n t  s o l u t i o n  
o f  UO^ i n  h y d r o c h l o r i c  a c i d  ( s p . g r .  = 1 . 1 2 ) .  The 
e l e c t r o r e d u c t i o n  was p e r fo rm ed  a t  110 v o l t s  a t  1 .5  -  2A. 
Towards th e  end o f  th e  e l e c t r o l y s i s  th e  c u r r e n t  was 
re d u c e d  to  0 .75  -  1A, and th e  c e l l  was c o o le d  t o  0 ° .
I t  was r e p o r t e d  t h a t  p e r i o d i c  a d d i t i o n s  o f  h y d r o c h l o r i c  
a c i d  were made tow ards  th e  end o f  th e  e l e c t r o l y s i s  
u n t i l  the  c h a r a c t e r i s t i c  rh d  c o l o u r  o f  t e r v a l e n t  u ra n iu m  
was o b t a i n e d .  The p u r p o s e  o f  t h i s  a d d i t i o n  i s  non
-  k l  -
c l e a r l y  e x p l a i n e d .  A n a ly ses  f o r  HU(SO, ) Q a r e  r e p o r t e d
4
even  though  th e  compound i s  s t a t e d  t o  he u n s t a b l e ,  
r e a d i l y  t u r n i n g  g r e e n  on e x p o s u re  to  a i r ;  and i n  w ater*  
r e a d i l y  o x i d i s e d  t o  u ra n iu m ( lV )  s u l p h a t e  w i t h  sp o n ­
t a n e o u s  l i b e r a t i o n  o f  h y d ro g e n .  I t  i s  r e p o r t e d  t h a t  
th e  compound can be  washed w i t h  g l a c i a l  a c e t i c  a c i d  
and t h a t  i t  can  be  k e p t  u n d e r  t h e  m othe r  l i q u o r  ou t  
o f  c o n t a c t  w i t h  a i r  f o r  some h o u r s .
A d d i t i o n ' o f  o r g a n i c  s o l v e n t s ,  p h o s p h o r i c ,  o x a l i c
o r  h y d r o f l u o r i c  a c i d s  t o  th e  r e d u c e d  s o l u t i o n  o f  u ran iu m
was r e p o r t e d  to  g iv e  on ly  g r e e n  o x i d i s e d  u ra n iu m ( lV )
compounds. I n  th e  c ase  o f  ammonia a t r a n s i e n t  brown.
p r e c i p i t a t e  ( p o s s i b l y  U(OH) ) was o b t a i n e d  which
3
im m e d ia te ly  o x i d i s e d  to  g r e e n  u ran iu m ( lV )  ( 8 1 ) .  The 
sy s te m  c l e a r l y  r e q u i r e s  f u r t h e r  r e - i n v e s t i g a t i o n .
D ur ing  the  c o u rs e  o f  t h i s  work the  d o u b le  s u l p h a t e  
K^U(SO^)^ ( 1 3 5 )* d e s c r i b e d  as  a s u l p h a to - c o m p l e x  was 
r e p o r t e d ,  how ever ,  no d e t a i l s ' o f  any p h y s i c a l  m e a su re ­
ments were g i v e n .  The compound was p r e p a r e d  by  a d d in g  
a s o l u t i o n  o f  u r a n i u m ( I I I )  c h l o r i d e ,  o b t a i n e d  e l e c t r o ­
l y t i c a l l y ,  to  a l a r g e  volume o f  O.ijiT s a t u r a t e d
w i t h  p o t a s s i u m  s u l p h a t e  a t  I4.O0 . I t  was o b t a i n e d  as  a 
t o b a c c o - c o l o u r e d  p r e c i p i t a t e  which  was o n l y  s p a r i n g l y  
s o l u b l e  i n  0.5N KOI and O.5N HgSO^.
I t  i s  d o u b t f u l  w h e th e r  a n h y d ro u s  u ran ium (IV )  
s u l p h a t e  h a s  e v e r  b e en  p r e p a r e d .  Tvi/o h y d r a t e s  o f  
u ran iu m ( lV )  s u l p h a t e  a r e  commonly e n c o u n t e r e d  c o n t a i n i n g
— i+2 —
k and 8 m o le c u le s  o f  w a te r  r e s p e c t i v e l y  i . e .  U^SO^g-UHgO
and U ^ O ^ )  2* 8H20 .  Meyer and Nachod (136) r e p o r t e d
t h a t  t h e  o c t a h y d r a t e  c r y s t a l l i s e d  f rom  w eak ly  a c i d
s o l u t i o n s  be tw een  0 and 7 5 °  w hereas  the  t e t r a h y d r a t e  .
was formed o v e r  th e  same t e m p e r a t u r e  r a n g e  i n  s t r o n g l y
a c i d  s o l u t i o n s .  W yrouboff  ( 1 3 7 ) r e p o r t e d  t h a t  th e
compound which c r y s t a l l i s e d  f i r s t  f rom  w eak ly  a c i d
s o l u t i o n s  was i n  f a c t  t h e  e n n e a h y d r a t e  which  r e a d i l y
l o s t  one m o le c u le  o f  w a t e r  on e x p o s u r e  t o  a i r  t o  g iv e
<ntjdvcxf<2
th e  o c t a h y d r a t e .  A lo w e r  s u l p h a t e  U(S0^)2*2H20 was 
r e p o r t e d  by  K o h l s c h u t t e r  (138) a s  g r e y ,  n e e d l e - s h a p e d  
c r y s t a l s  formed by a d d i t i o n  o f  c o n c e n t r a t e d  s u l p h u r i c  
a c i d  to  a s o l u t i o n  o f  u ran ium (IV )  s u l p h a t e  t e t r a h y d r a t e .  
Uranium(IV) s u l p h a t e s  a r e  r e a d i l y  h y d r o l y s e d  i n  w a t e r  
to  g iv e  s p a r i n g l y  s o l u b l e  b a s i c  s u l p h a t e s .
T h e  c r y s t a l  s t r u c t u r e  o f  U ( S O ^ ) 2 * 4 ^ 2 °  1138 't ) e e n  
d e t e r m i n e d  ( 1 3 9 ) *  a n d  t h i s  h a s  b e e n  i n t e r p r e t e d  (1 q.0 ) 
i n  t e r m s  o f  a  s t r a t i f i e d  s t r u c t u r e  c o n t a i n i n g  b r i d g i n g  
s u l p h a t o - g r o u p s .
Uranium(lV) h a s  a number o f  c o m p l i c a te d  d o u b le  
s u l p h a t e  s y s t e m s ,  a d e t a i l e d  a c c o u n t  o f  w hich  can  be  
found  i n  t e x t  (II4.0 ) ;  examples  o f  t h e s e  a r e  g iv e n  i n  
T a b le  1.
M agne t ic  m easurem ents  (141) f o r  U ( S O ^ ) 3 « 2611^0 
have  i n d i c a t e d  a t e m p e r a t u r e - d e p e n d e n t  moment (jtii = 3 * 0 2 B . M .  
a t  297°K, 0 = 113°)•  S i m i l a r  b e h a v i o u r  i s  r e p o r t e d  
f o r  u r a n i u m ( IV) a c e t y l a c e t o n a t e  and u ra n iu m ( lV )  o x a l a t e .
-  43 -
The m a g n e t i c  and s p e c t r o s c o p i c  b e h a v i o u r  f o r  t h e  s u l p h a t e
and o t h e r  compounds w i l l  be d i s c u s s e d  i n  more d e t a i l
l a t e r  i n  the  p r e s e n t  work.
There  i s  no r e p o r t  o f  a s im p le  h y d r a t e d  n e p t u n i u m ( I I I )
s u l p h a t e  o r  o f  d o u b le  s u l p h a t e s .  S i m i l a r l y ,  l i t t l e  i s
known o f  n e p tu n iu m ( lV )  d o u b le  s u l p h a t e s ;  th e  s im p le
h y d r a t e d  NptSO^Jg^xHgO i s  r e p o r t e d  as a g r e e n  s o l i d ,
b u t  i t s  d e g re e  o f  h y d r a t i o n  i s  u n c e r t a i n  (1 4 2 ) .
6 .  A c t i n i d e  Double H a l id e s
A l th o u g h  th e  r e d - p u r p l e  c o l o u r  e x h i b i t e d  by
u ran iu m  ( I I I )  i n  c o n c e n t r a t e d  h y d r o c h l o r i c  a c id  and
l i t h i u m  h a l i d e  s o l u t i o n s  has  b e e n  a t t r i b u t e d  t o  complex
f o r m a t i o n ,  s o l i d  complexes have  n o t  b een  i s o l a t e d .
The p l u t o n i u m ( I I I )  complex Cs^PuClg.2HgO h a s
b e en  r e p o r t e d  by  S t e v e n s  (143)* I t  was i s o l a t e d  on
a d d i t i o n  o f  e x c e s s  cae s ium  c h l o r i d e  t o  a s o l u t i o n
o f  p l u t o n i u m ( I I I )  i n  6U h y d r o c h l o r i c  a c i d .  The
a m e r i c i u m ( I I I )  compounds CsAmCl^.ca.4H20,  CsAmCl^,
Gs^AmCl^ and Gs^HaAmCl^ have  a l s o  b e e n  r e p o r t e d  (144)*
and t h e  f a r  i n f r a - r e d  a b s o r p t i o n s  which  o c c u r  f o r
t h e s e  compounds n e a r  200 cm. have b e e n  a s s i g n e d  t o
Am -  01 s t r e t c h i n g  v i b r a t i o n s .  Ryan and J o r g e n s e n
( 1 4 5 )? f rom s p e c t r o s c o p i c  s t u d i e s  on t r i p h e n y lp h o s p h o n i u m
l a n t h a n i d e  h e x a c h l o r i d e s  and h e x a b r o m id e s , h ave  shown 
3 -the  group Ln X. to  have o c t a h e d r a l  symmetry .  The 6
Am01r ^"" g ro up  i n  the  t r ip h e n y lp h o s p h o n iu m  s a l t  o
(Ph^PH)^AmClg h a s  the  same symmetry (1 4 6 ) .
-  kU -
A c t i n i d e ( I V )  c h l o r i d e  complexes have r e c e i v e d  
more d e t a i l e d  i n v e s t i g a t i o n , *  and t h e s e  a r e  l i s t e d  i n  
T ab le  3- The u ran iu m (IV )  d oub le  c h l o r i d e s  iVyiClg 
(M = Ha, K and L i )  and M’UClg (M* = Oa, Ba and S r )  
have  lo n g  b e e n  known (U+7) (H+8); They were p r e p a r e d  
by  p a s s i n g  u ran iu m  t e t r a c h l o r i d e  v a p o u r  o v e r  t h e  a l k a l i  
o r  a l k a l i n e  e a r t h  c h l o r i d e  h e a t e d  t o  red  h e a t*  The 
a n a lo g o u s  t h o r i u m (IV) c h l o r i d e  complexes M^ThClg 
(M = U H ^ , .L i ,  Ha, Rb and Cs) have  b e e n  p r e p a r e d  (ll+9)» 
A c t i n i d e ( I V )  complex c h l o r i d e s  w i t h  l a r g e  u n i v a l e n t  
o r g a n i c  c a t i o n s  can  be  p r e p a r e d  i n  n o n -ag ueou s  s o l v e n t s .  
T e t rae thy lam m onium  h e x a c h l o r o - t h o r a t e  a n d - u r a n a t e ( I V )  
can  be p r e p a r e d  b y  m ix in g  t h i o n y l  c h l o r i d e  s o l u t i o n s  
oi* th o r iu m  o r  u r a n i u m (IV) c h l o r i d e s  w i t h  t e t r a e t h y l ­
ammonium c h l o r i d e ,  e v a p o r a t i n g  th e  s o l v e n t ,  and 
p r e c i p i t a t i n g  the  complex w i t h  a c e t i c  a n h y d r i d e .
Tetnamethylammonium h e x a c h l o r o - u r a n a t e ( I V )  and 
- p r o t a c t i n a t s ( l V )  can  s i m i l a r l y  be p r e p a r e d  i n  a c e t o -  
n i t r i l e .
P a r  i n f r a - r e d  s t u d i e s  on t h e s e  compounds have  
i n d i c a t e d  m e t a l - c h l o r i n e  v i b r a t i o n s  f o r  T h -C l ,  U-Cl 
and Up—Cl t o  o c c u r  a t  a p p r o x i m a t e l y  233, 233-259 and 
267 cniT^ - (161+) ( 1 6 5 )* M agnet ic  m easurem ents  (166) 
have  b e en  made f o r :  Cs^UCl^, (UMe^)2UClg, and (l-TMe )^
T e t r a e t h y l - a n d  te t ram e th y l -am m o n ium  hexabrom o-  
u r a n a t e s ( l V )  have  b e en  o b t a i n e d  (161+) f rom  a c e t o n i t r i l e  
s o l u t i o n s  o f  th e  te t raa lk y la m m o n iu m  brom ide  and th e
-  k5  -
TABLE 3
A c t i n i d e ( I V )  C h l o r id e  Complexes
Compound } CoXour R e f e r e n c e s
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a p p r o p r i a t e  t e t r a b r o m i d e .  The p r e p a r a t i o n  o f  t r i p h e n y l ­
phosphonium h e x a b ro m o u ra n a te ( IV )  u s i n g  an agueous 
a c e to n e  h yd ro b ro m ic  a c id  medium has  "been d e s c r i b e d  
by  J o r g e n s e n  (167)* The c o r r e s p o n d i n g  t e t r a e th y la m m o n iu m  
n e p tu n iu m ( lV )  and u ra n iu m ( lV )  compounds were o b t a i n e d  
(168) by a s i m i l a r  p r o c e d u r e ,  u s i n g  e t h a n o l i c  h y d r o -  
b rom ic  a ? i d .  P a r  i n f r a - r e d  a b s o r p t i o n s  have  b e en  
shown t o  o c c u r  f o r  Th-Br and U-Br i n  t h e s e  compounds 
a t  177-179 and 178-181 cmr-5- r e s p e c t i v e l y .  The p r e s e n c e  
o f  o c t a h e d r a l l y  c o o r d i n a t e d  u ran iu m ( lV )  i n  t r i p h e n y l ­
phosphonium h e x a c h lo r o - a n d  h eX ab ro m o -u ran a te ( IV )  h a s  
b e en  d e m o n s t r a t e d  by  J o r g e n s e n  ( I 6 9 ) .
H e x a io d o u r a n a te ( I V )  s p e c i e s  have o n ly  r e c e n t l y  
b e en  p rep a red *  The sp e c t ru m  f o r  t h i s  io n  i n  a c e t o -  
n i t r i l e  has b e en  r e c o r d e d  by  Ryan and J o r g e n s e n  ( l 6 7 ) s 
and th e  red  compounds ^  ~ and have
b e e n  p r e p a r e d  by B a g n a l l  and co-w orkers  (170).  The 
c o r r e s p o n d i n g  th o r iu m (IV )  (171) and p r o t a o t i n i u m ( I V )  
compounds have  s i m i l a r l y  b een  p r e p a r e d .
7• L a n t h a n i d e ( I I I )  Complexes
R e l a t i v e l y  few s o l i d  complexes o f  t h e  l a n t h a n i d e s  
have  been  i s o l a t e d  a l t h o u g h  more a r e  known i n  s o l u t i o n *  
S o l i d  complexes m a in ly  o f  p o l y d e n t a t e  oxygen d onors  
su c h  as b e t a - d i k e t o n e s ,  o x i n e s ,  hydroxy  and amino-  
c a r b o x y l i c  a c i d s  ( i n c l u d i n g  EDTA and r e l a t e d  compounds) ,  
and phenazone  have  been  i s o l a t e d .  A d e t a i l e d  a c c o u n t  
o f  t h e s e  compounds can be found i n  t e x t  ( l  11+.).
-  h i  -
R e c e n t l y ,  complexes w i t h  p o w e r f u l  n i t r o g e n  donors
have  b e e n  r e p o r t e d .  Laming and H ar t  (172)  have r e p o r t e d
th e  p r e p a r a t i o n ,  m a g n e t ic  moments and i n f r a - r e d  s p e c t r a
o f  the  f o l l o w i n g  1 , 1 0 - p h e n a n t h r o l i n e  (phen) com plexes :
MCl,(phen)H 0, MCI (phen) , MCI (phen)EtOH, MCI (phen)  H O  
D 2 3 2 3  2 2
MCI_ (phen) EtOH, M(CNS) (phen) , M(CH CO ) (phen)  and 
3 2 3 2 3 2 3
M(N0^)^(phen) (M = La,  Ce, P r ,  Nd, Sm and E u ) .  The
p r e p a r a t i o n s  were pe r fo rm ed  i n  e t h a n o l  s i n c e  i n  w a t e r
th e  complexes were formed w i t h  d i f f i c u l t y  o r  n o t  a t  a l l #
The 2 , 2 M l i p y r id y l  complexes C e B r^ (d ip y )^  ^
NdBr ( d ip y )  and YbBr_, ( d ip y )  have b e e n  p r e p a r e d  (173)
u n d e r  anhydrous  c o n d i t i o n s  i n  t e t r a h y d r o f u r a n  (THE).
T re a tm e n t  o f  t h e  c e r i u m ( l l l )  and n e o d y m iu m (I I I )  compounds
w i th  L i  ( d ip y )  gave th e  e l e c t r o n  r i c h  compounds
Ed ( d ip y ) ,  and C e (d ip y ) ,  . These were h i g h l y  r e a c t i v e :  
1+ 1+
C e ( d ip y ) ^  b e i n g  p y r o p h o r i c .
The w a t e r  o f  h y d r a t i o n  i n  th e  l a n t h a n i d e s  can  be
r e p l a c e d  f o r  example  by  e t h a n o l  o r  m e th a n o l .  L a n th a n id e
c h l o r i d e  m e t h a n o l a t e s  such  as  LsCl-.iiMeOH have  b e en
3
p r e p a r e d  (17U) by d e h y d r a t i o n  o f  th e  h y d r a t e s  w i t h  
2 , 2 -d im e th o x y p ro p a n e .  T r ip h e n y lp h o s p h in e  o x id e  complexes 
have b een  p r e p a r e d  (173) o f  th e  f o l l o w i n g  t y p e s :  
M(H03 ) 3 (Ph3P 0 ) 2Et0H, M(Ph3P 0 ) 3 (Me C0)2 (N0 ) y  1 
M(Ph3P0)^Et0H(N03 ) 3 , M(Ph3P 0 )3 (N03 ) 3 and M(Ph^PO)^(Me^CO) 
(M = La,  Ce, P r ,  Nd, Sm, Eu, Gd, Tb, Dy, Ho, E r ,  Tm,
Yb, Lu and Y ) .  S i m i l a r l y ,  d i m e t h y l s u l p h o x i d e  complexes 
have  b e en  i s o l a t e d  (176)  h a v in g  th e  g e n e r a l  fo r m u la e
-  i+8 -
M(DMS0)JL|_(N03 ) (M = La -  Gd) and M t D M S O ^ E O ^  (M = Ho,
Yb and Y). A number o f  l a n t h a n i d e  o c t a m e t h y l p y r o -
phosphoram ide  (OMPA) complexes have  b e en  p r e p a r e d  (177)
h a v in g  th e  s t o i c h i o m e t r y  Ln(C10^)3 .3(0MPA). xH20 (Ln =
La,  Ce, P r ,  Ed, Sm, Eu,  Gd, Tb, Dy, Ho, Er  and Y and
x = 1 -  U) o r  Ln(C10, ) *U(OMPA).xH90 (Ln = La,  Eu and4  3 2
Ho and x = 0,  1 and k ) . These compounds and a l s o
complexes  o f  t r o p o l o n e  (1 7 8 ) ,  E , E - d i m e t h y l a c e t a m i d e (179)
and E ,E -d im e th y l fo rm a m id e  (180) a r e  b e l i e v e d  to  c o n t a i n
m e t a l s  w i t h  c o o r d i n a t i o n  numbers g r e a t e r  t h a n  s i x .
Complexes (181) w i t h  the  s e x a d e n t a t e  l i g a n d ,
t r i s ( s a l i y l i d e n e  a m i n o ) t r i e t h y l e n e t e t r a m i n e  ( t r i e n - S ^ H ^ ) , A 4 3
o f  th e  typ e  M ( t r i e n - S 3 ) (M = La,  P r ,  Ed, Gd and E u ) ,
have  r e c e n t l y  b e e n  i s o l a t e d .
A number o f  w e l l  d e f i n e d  c r y s t a l l i n e  complexes
a r e  known w i t h  p henazone ,  ( a n t i p y r ^ i n e  o r  1 - p h e n y l -
2 : 3 - d im e th y l p y r a z o l - 5 - o n e ) ,  o f  t h e  g e n e r a l  ty pe
Ln(phenaz)gX3 (Ln = La,  Ce, Ed,  P r ,  Y and E r  and X =
C l“ , Br~ ,  I " ,  CIO^” and Cr(GNS)g3-) .  p o r  example
E d ( p h e n a z ) g l 3 and E d ( p h e n a z ) g ( C I O ^ h a v e  lo n g  b e e n
known (1 8 2 ) .  Complexes w i t h  E ,E ' - d i m e t h y l a m in o p h e n a z o n e
(pyram idone)  have  3 “- I  s t o i c h i o m e t r i e s  as a r e  found  i n
th e  f o l l o w i n g :  P r (py ram )_C 1_ ,  L a (p y ra m )_ (CIO, )_, and
3 3 3 4  3
C e(pyram)3 (E03 ) .
Phenazone on t r e a t m e n t  w i t h  n i t r o u s  a c i d  g i v e s  a 
n i t r o s o - d e r i v a t i v e  f rom  which by r e d u c t i o n  i i - a m in o -  
phenazone can  be o b t a i n e d .  T h is  b a s e  p o s s e s s e s  p se u d o -
-  U9 -
a r o m a t i c  c h a r a c t e r  and can  f o r  example  he a i a z o t i s e d  
(1 8 3 ) .  Pyramidone  i s  t h e  c o r r e s p o n d i n g  N , N ' - d i m e t h y l  
d e r i v a t i v e *
Phenazone and pyram idone  a l s o  form a number o f  
complexes w i t h  Co, Cu, Fe ,  Cd, Hg, Zn, Sb,  and Ca, 
r e f e r e n c e s  a r e  g iv e n  i n  t e x t  ( I 8 3 ) .
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A c t i n i d e  Complexes 
Very few ,  i f  any,  s o l i d  complexes o f  th e  t e r v a l e n t  
a c t i n i d e s  a p p e a r  to  have be en  i s o l a t e d  w i t h  l i g a n d s  
common f o r  th e  l a n t h a n i d e s .
A l a r g e  number o f  a c t i n i d e ( I V )  complexes m a in ly  
w i t h  oxygen d o no rs  have b e e n  p r e p a r e d ,  and t h e s e  a r e  
d i s c u s s e d  i n  a r e c e n t  r e v ie w  ( 8 ) .  M agne t ic  and i n f r a ­
red  s t u d i e s  have  b e en  r e p o r t e d  f o r  u ran iu m ( lV )  and
th o r iu m (IV )  w i t h  th e  f o l l o w i n g - l i g a n d s : R - m e th y l -  
a c e ta m id e  (NMA) ( 1 8 4 ) ,  M T '- d im e th y la c e t a m id e  (DMA) (1 8 4 ) ,  
h ex am eth y lph o sph o ram id e  (HMPA) (1 8 5 ) ,  d i m e t h y I s u l p h o x i d e  
(DMSO) (185) and th e  d i c a r b o x y l i c  d i a m id e s  (186.),
N 3 M 'N ' - t e t r a m e th y lm a lo n a m id e  (TMMA), -  o < , c < - d im e th y l -  
rnalonamide (HMMA), - g l u t a r a m i d e  (TMGA) and - 3 , 3 - d i m e t h y l -  
g lu t a r a n r .d e  (HMGA)i These complexes and t h e i r  m a g n e t i c  
p r o p e r t i e s  a r e  g iv e n  i n  T ab le  4  9 C h a p te r  4*
U ran ium (IV) can  he e x t r a c t e d  ( I 8 7 ) f rom  agueous 
s o l u t i o n  hy  t r i - n - b u t y l p h o s p h a t e  (TBP), f o r  example as 
t h e  complex UCl^.3TBP. P h o s p h in e  o x ide  complexes o f  
th e  type  UCl^.2R^P0 can he o b t a i n e d  f rom t h e  components  
i n  t e t r a h y d r o f u r a n  (1 8 8 ) .  Complexes w i t h  t r i p h e n y l -  
p ho sp h in e  c an n o t  he o b t a i n e d  ( 189)5  t h o s e  re -por ted  
e a r l i e r  (190) a r e  now known to  he  p n c s p h in e  o x id e  
complexes ,  Uranium t e t r a c h l o r i d e  form s a d d u c t s  w i t h  
a l c o h o l s  o f  t h e  type  UCl^.EOH (R = Me, E t ,  n - P r  and 
i - P r ) .  S o l v o l y s i s  a p p a r e n t l y  o c c u r s  w i t h  the b u t y l  
a l c o h o l s  (1 9 1 ) .
.As i n  th e  c a se  o f  t h e  l a n t h a n i d e s ,  a c t i n i d e ( I V )  
complexes w i th  n i t r o g e n  d o n o rs  a r e  l e s s  w e l l  known. 
Uranium t e t r a c h l o r i d e  forms complexes -with ammonia 
(UCI^.4NH^) (1 9 2 ) ,  h y d r a z i n e  (UCl^.CN^H^) ( 1 9 2 ) ,  e t h y l e n e  
d iam in e  (UCltj.4 o n )  (1 9 3 ) ,  and p i p e r i d i n e  (UC1^#4I>) (193) • 
R e c e n t l y ,  th e  complex U C l ^ p h e n ) ^  h as  been  i s o l a t e d  
f rom  u ran iu m  t e t r a c h l o r i d e  and 1 , 1 0 ~ p h e n a n t h r o l i n e  i n  
d im e th y l fo rm am id e .  I n  e t h a n o l ,  however ,  a m ix t u r e  o f
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(phen.HjgUClg and UC1^(0 E t ) . ( p h e n )  r e s u l t s  (192-j-)*
2 S2 ’- d i p y r i d y l  "behaves s i m i l a r l y .  P y r i d i n e  complexes 
o f  th e  ty p e  UCl^. ( P y ^  have  a l s o  "been i s o l a t e d .  F u r t h e r  
r e f e r e n c e s  w i l l  n o t  "be g iv e n  h e r e  s i n c e  t h e s e  c a n  he 
found  i n  t h e  r e v i e w  ( 8 ) .
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Aims o f  t h e  Work
S in c e  the  o n l y  p r e v i o u s l y  known u r a n i u m ( l l l )  
compounds were  p r e p a r e d  i n  t h e  d ry  way, th e  i s o l a t i o n  
o f  s im p le  h y d r a t e d  s a l t s  such  as  th e  s u l p h a t e s ,  d o u b le  
s u l p h a t e s  and d o u b le  c h l o r i d e s  f rom  aqueous media  
would be o f  c o n s i d e r a b l e  i n t e r e s t .  A p a r t  f rom  t h e i r  
v a l u e  i n  e x t e n d i n g  the  c h e m i s t r y  o f  u r a n i u m ( l l l ) , as  
e v en  t h e  c o l o u r  o f  t h e  s im p le  h y d r a t e d  u r a n i u m ( l l l )  
i o n  does  n o t  a p p e a r  t o  be known w i t h  any c e r t a i n t y ,  
t h e  h y d r a t e d  s a l t s  may be u s e f u l  s t a r t i n g  m a t e r i a l s -  
f o r  t h e  p r e p a r a t i o n  o f  o t h e r  u r a n i u m ( I I I )  compounds. 
A l th o u g h  u r a n i u m ( l l l )  would n o t  be e x p e c te d  t o  form 
many complex compounds b e c a u se  o f  i t s  low c h a rg e  d e n s i t y  
i t  s h o u ld  be p o s s i b l e  to  i s o l a t e  t h e s e  w i t h  p o l y d e n t a t e  
oxygen d o n o rs  o r  p o w e r fu l  n i t r o g e n  donors  su ch  as 
d i p y r i d y l  o r  o - p h e n a n t h r o l i n e .
In  com par ison  w i t h  t h e  t r a n s i t i o n  m e t a l s  v e r y  
l i t t l e  m a g n e t i c  o r  s p e c t r a l  d a t a  a r e  a v a i l a b l e  f o r  t h e  
a c t i n i d e s ,  and th o s e  which a r e  a v a i l a b l e  a r e  n o t  w e l l -  
u n d e r s t o o d .  U r a n i u m ( I I I )  i s  p a r t i c u l a r l y  l a c k i n g  i n  
t h i s  r e s p e c t .  A l th o u g h  s o l u t i o n  s p e c t r a  o f  u r a n i u m ( l l l )  
have  b een  r e p o r t e d  by  a number o f  w orke rs  th e  e a s e  o f  
o x i d a t i o n  t o  u ran iu m ( lV )  p r e s e n t s  c o n s i d e r a b l e  e x p e r i m e n t a l  
d i f f i c u l t i e s  i n  o b t a i n i n g  a u r a n i u m ( I I l )  s p e c t r u m  d e v o id  
o f  u r a n iu m ( lV ) .  S o l i d  s t a t e  r e f l e c t a n c e  s p e c t r a  h ave  
b e e n  r e p o r t e d  o v e r  a l i m i t e d  r an g e  f o r  UCl^ and UF^ o n l y .
From a s t u d y  o f  the  m a g n e t i c  and s p e c t r a l  p r o p e r t i e s
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o f  t e r v a l e n t  u ran iu m  compounds i t  sh o u ld  he p o s s i b l e  to  
d i s c o v e r  how c l o s e  a r e  t h e  a n a l o g i e s  t o  t h e  l a n t h a n i d e s  
and i n  p a r t i c u l a r  t o  n e od y m iu m (I I I )  and w h e th e r  o r  n o t  
5 f  o r b i t a l s  a r e  more s u s c e p t i b l e  t o  e n v i r o n m e n t a l  
e f f e c t s  t h a n  l(.f o r b i t a l s  as i s  g e n e r a l l y  b e l i e v e d .
I n  o r d e r  to  a c h i e v e  t h e  above aims i t  i s  n e c e s s a r y  
f i r s t  t o  o b t a i n  u r a n i u m ( l l l )  s o l u t i o n s .  Of th e  p o s s i b l e  
methods 6f  o b t a i n i n g  u r a n i u m ( l l l )  s o l u t i o n s  e l e c t r o l y t i c  
r e d u c t i o n  i s  c o n s i d e r e d  t o  g iv e  th e  h i g h e s t  p e r c e n t a g e  
o f  u r a n i u m ( l l l )  i n  t h e  f i n a l  p r o d u c t ,  w i t h o u t  i n t r o d u c i n g  
i m p u r i t i e s  su ch  as  z i n c  s a l t s .  However, no s o l i d  
compounds had b e e n  i s o l a t e d  from  u r a n i u m ( I I l )  s o l u t i o n s  
p r e p a r e d  by e l e c t r o l y t i c  r e d u c t i o n  and i t  was hoped 
t h a t  by  c a r e f u l  d e s i g n  o f  t h e  e l e c t r o l y t i c  c e l l  i t  
would be  p o s s i b l e  to  i n t r o d u c e  f e a t u r e s  su c h  as  ( i )  a 
h i g h  c a th o d e  s u r f a c e  a r e a  ( i i )  e f f i c i e n t  s t i r r i n g  
( i i i )  c o o l i n g ,  and ( i v )  low i m p u r i t y  l e v e l  so  t h a t  
co m p le te  r e d u c t i o n  would be  f e a s i b l e .  I t  was f u r t h e r  
hoped t h a t  by  th e  a d d i t i o n  o f  o r g a n i c  s o l v e n t s  gram 
q u a n t i t e s  o f  u r a n i u m ( I I l )  compounds c o u ld  be o b t a i n e d .
CHAPTER 2 
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1. P r e p a r a t i v e  Methods
S in c e  u r a n i u m ( I I I )  compounds a r e  r e a d i l y  o x i d i s e d  
by a tm o s p h e r i c  oxygen a l l  th e  compounds t o  be d e s c r i b e d  
were p r e p a r e d  u n d e r  n i t r o g e n  u s i n g  a l l - g l a s s  a p p a r a t u s .
T ra c e s  o f  oxygen were removed f rom  'W hi te  S p o t ’ 
n i t r o g e n  u s i n g  a B .T .S .  c a t a l y s t ,  type  R 3-11 s u p p l i e d  
by B .A .S .F .  Co. L td .  This  was e s s e n t i a l l y  f i n e l y -  
d i v i d e d  cop p er  o x id e  d e p o s i t e d  on an i n e r t  c a r r i e r ,  and 
s p e c i a l l y  a c t i v a t e d  by  v a r i o u s  r e a g e n t s .  The c o a r s e l y -  
c ru s h e d  c a t a l y s t  ( g r a i n  s i z e  a b o u t  2 -  3mm.) was c o n t a i n e d  
i n  a tu b e  o f  l e n g t h  av>proximately t e n  t im es  i t s  d i a m e t e r .  
The c a t a l y s t  was s u p p l i e d  i n  t h e  o x i d i s e d  form and was 
r e d u c ed  b e f o r e  u s e  w i t h  h y d ro g en  a t  lliO t o  160° .  The 
r e d u c ed  c a t a l y s t  was p y r o p h o r i c  and c o n s e q u e n t l y  c a r e  had  
t o  be t a k e n  t o  p r e v e n t  e x p o su re  to  l a r g e  amounts o f  
oxygen.  The n i t r o g e n  was d r i e d  by p a s s i n g  i t  t h r o u g h  a 
t r a p  c o o le d  i n  l i q u i d  n i t r o g e n  and a l s o  a column c o n t a i n i n g  
anhydrous  magnesium p e r c h l o r a t e .  The d r i e d  gas e n t e r e d  
a fn i t r o g e n  l i n e *  o f  s i m i l a r  d e s i g n  t o  t h a t  d e s c r i b e d  i n  
a number o f  s o u r c e s  (195) (196)  (1 9 7 ) .
Aqueous s o l u t i o n s  o f  u r a n i u m ( I I I )  were p r e p a r e d  by  
e l e c t r o l y t i c  r e d u c t i o n  a t  a m ercu ry  c a th o d e  u s i n g  t h e  
a p p a r a t u s  i l l u s t r a t e d  i n  F i g . l .  The r e a c t i o n  v e s s e l  was 
a s t a n d a r d ,  Q u i c k f i t  type  (FR700F) h a v in g  a f i v e - i n l e t  
to p  (MAF2/52) jo in e d  by  means o f  a ground  g l a s s  f l a n g e .
The c a th o d e  was a l a r g e  p o o l  o f  m ercu ry  ( l * 5 K g . ) to  
which  e x t e r n a l  e l e c t r i c a l  c o n n e c t i o n  was made by  t h e
ac o ol i :
ICE/vV.
d i p p i n g - e l e c t r o d e .  The m ercury  was s t i r r e d  th r o u g h o u t  
th e  r e d u c t i o n  "by t h e  a r ran g em en t  shown. K u jo l  was 
u se d  i n  th e  K y r id e s  s e a l  so t h a t  a s u i t a b l e  vacuum cou ld  
he m a i n t a i n e d .  B e fo re  e l e c t r o - r e d u c t i o n  was s t a r t e d *  
th e  v e s s e l  w i t h  t h e  e l e c t r o l y t e  i n  i t- ,was e v a c u a t e d  
and f i l l e d  w i t h  n i t r o g e n  t h r e e  t im e s  v i a  th e  i n l e t  tu be  
and t a p  a r r a n g e m e n t  shown. D ur ing  t h i s  p a r t  o f  t h e  
p r o c e d u r e  t h e  anode was r e p l a c e d  by  a s t o p p e r .  W ith  a l l  
t h e  t a p s  open and i n l e t  ' B s s t o p p e r e d ,  c o n n e c t i o n  to  
t h e  ’ l i n e 5 was made th r o u g h  i n l e t  After  t h e  v e s s e l
had  b e e n  f i l l e d  w i t h  n i t r o g e n  a l l  t h e  t a p s  were c l o s e d .  
C o n n e c t io n  to  th e  ’ l i n e ’ was t h e n  made th r o u g h  i n l e t  ’B ’ , 
and ,  a f t e r  removing a i r  i n t r o d u c e d  d u r i n g  th e  c o n n e c t i o n ,  
t a p s  ’3 ? and ’ 2 ’ were opened ,  and a s t r e a m  o f  n i t r o g e n  
p a s s e d  th ro u g h  th e  e l e c t r o l y t e  and ou t  t o  th e  a tm o sp h e re  
th r o u g h  b u b b l e r s  c o n n ec te d  a t  ’A ’ . The s t o p p e r  i n  t h e  
anode i n l e t  was removed and th e  p l a t i n u m  anode i n s e r t e d  
a g a i n s t  a s t r e a m  o f  n i t r o g e n .  The anode co m p ar tm en t ,  
s e p a r a t e d  f rom t h e  b u l k  o f  s o l u t i o n  by means o f  a 
g r a d e - 3  s i n t e r ,  c o n t a i n e d  d i l u t e  a c i d  o f  the  same 
c o n c e n t r a t i o n  as t h a t  i n  th e  e l e c t r o l y t e .  The e l e c t r o d e s  
were c o n n e c te d  t o  a s t a b i l i s e d  power s u p p l y  g i v i n g  a 
maximum c u r r e n t  o f  5-A. and a v o l t a g e  o f  30V. The 
c u r r e n t  c o u ld  be s e t  t o  any p r e d e t e r m in e d  v a l u e ,  and was 
l i m i t e d  e l e c t r o n i c a l l y  by the  power s u p p l y .  T h is  
meant  t h a t  a c o n s t a n t  c u r r e n t  c o u ld  be p a s s e d  t h r o u g h  a 
g i v e n  s o l u t i o n ,  and t h e  c u r r e n t  was r e p r o d u c i b l e  f o r
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s o l u t i o n s  o f  th e  same c o n c e n t r a t i o n .  The s u p p l y  a u t o ­
m a t i c a l l y  compensa ted  f o r  r e s i s t a n c e  changes  i n  t h e  
c e l l  d u r i n g  e l e c t r o l y s i s  by  a d j u s t i n g  th e  v o l t a g e .  The 
c e l l  was immersed i n  a h a t h  e q u ip p e d  w i t h  e f f i c i e n t  Y/ater 
c o o l i n g .  I n  e x p e r im e n t s  where c h l o r i d e  s o l u t i o n s  were 
e l e c t r o l y s e d ,  c h l o r i n e  p roduced  a t  th e  anode was t r a p p e d  
i n  a v e s s e l  c o o le d  i n va m e t h s . - d r y  i c e  h a t h .  N e g l i g i b l e  
a t t a c k  o f  p l a t i n u m  hy c h l o r i n e  wa© o b se rv ed  p r o v i d e d  the  
h y d r o c h l o r i c  a c i d  u sed  i n  t h e  e l e c t r o l y s i s  had a concen­
t r a t i o n  n o t  a p p r e c i a b l y  g r e a t e r  t h a n  N.
A f t e r  t h e  r e d u c t i o n  was co m p le te  ( f o u r  t o  f i v e  
h o u r s )  th e  anode compartment was removed i n  a s t r e a m  of  
n i t r o g e n  and th e  i n l e t  s t o p p e r e d .  The s o l u t i o n  o f  
u r a n i u m ( l l l )  was removed f rom  th e  c e l l  i n t o  an a p p a r a t u s  
w i t h  3 - t a p s  ( F i g . 2) by  a p p l y i n g  vacuum a t  t h e  n i t r o g e n  
i n l e t  t u b e .  S o l u t i o n s  c o n t a i n i n g  u r a n i u m ( I I I )  were 
k e p t  co ld  (0 ° )  a s  much as p o s s i b l e  and h a n d le d  a t  
a tm o s p h e r ic  p r e s s u r e  u n d e r  n i t r o g e n .
P r o c e d u r e s  s u c h  as f i l t r a t i o n ,  v a c u u m - e v a p o r a t i o n ,  
and d e c a n t a t i o n  f o r  m o i s t u r e  and oxygen s e n s i t i v e  
compounds have  b e e n  d e s c r i b e d  i n  a number o f  s o u r c e s  
(195) (196) (197)•  F u r t h e r  d e t a i l s  w i l l  n o t  be  g i v e n  
h e r e  b u t  some o f  th e  a p p a r a t u s  u sed  i s  i l l u s t r a t e d  i n  
F i g . 2 and 3*
The u ran iu m (III )  d o u b le  c h l o r i d e s  r e q u i r e d  r i g o r o u s  
d r y ,  o x y g e n - f r e e  ^ c o n d i t io n s  a t  a l l  t im e s  and th e  
f i l t r a t i o n  a p p a r a t u s  shown i n  F i g . 2 was u s e d .  S in c e
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t h e  d o u b le  s u l p h a t e s ,  when d r y ,  were r e l a t i v e l y  s t a b l e  
t h e y  c o u ld  he  h a n d le d  i n  a i r  f o r  s h o r t  p e r i o d s  w i t h o u t  
s p e c i a l  p r e c a u t i o n s  and the  f i l t r a t i o n  a p p a r a t u s  shown 
i n  F i g . 3 was q u i t e  s u i t a b l e .  A l l  compounds were d r i e d  
by  b e in g  pumped on c o n t i n u o u s l y  f o r  two o r  t h r e e  h o u r s .
2. M agne t ic  Measurements
M agnet ic  s u s c e p t i b i l i t i e s  were d e te r m in e d  o v e r  th e  
t e m p e r a t u r e  r an g e  80 to  3 0 0 °K by th e  Gouy method u s i n g  
th e  a p p a r a t u s  d e s c r i b e d  by Eam shaw  ( 1 9 8 ) .  A i r  s e n s i t i v e  
compounds were s e a l e d  i n  g l a s s  t u b e s ,  and s i n c e  t h e  
d i a m a g n e t i s m  o f  the  g l a s s  v a r i e d  w i t h  t e m p e r a t u r e  th e  
g l a s s  c o r r e c t i o n s  were d e te r m in e d  o v e r  t h e  same t e m p e r a t u r e  
r a n g e .  S in c e  i t  was found  d i f f i c u l t  t o  pack  a i r  s e n s i t i v e  
samples  to  f i x e d  l e n g t h s ,  th e  m a g n e t i c  f i e l d  s t r e n g t h s  
f o r  v a r i o u s  l e n g t h s  o f  sample  be tw een  8 and l l c m s .  were 
d e te rm in e d  b y  c a l i b r a t i o n  w i t h  n i c k e l  c h l o r i d e  
s o l u t i o n  (199)*
The spec im en  was s u r r o u n d e d  bjr a c r y o s t a t  (Fig.l+) 
t o  m a i n t a i n  th e  t e m p e r a t u r e  a t  any p r e d e t e r m i n e d  v a l u e .  
T em p e ra tu re s  were measured  by  a the rm o co u p le  n e a r  the  
c e n t r e  o f  t h e  t u b e .
The m o la r  s u s c e p t i b i l i t y  was c a l c u l a t e d  f rom :
—  - ^  —  —
Yi/.H2
g = a c c e l e r a t i o n  due t o  g r a v i t y  1 = sp e c im en  l e n g t h
2. w.g .  l .M
H = m a g n e t i c  f i e l d  s t r e n g t h
M = m o l e c u l a r  w e ig h t
a t  l e n g t h  1
W = w e ig h t  o f  sp e c im en  
w = p u l l  e x e r t e d  on
p a r a m a g n e t i c  spec im en
P i s .  U
PUMP
THERMISTOR
COPPER CHAMBER 
SURROUNDED BY 
HEATING COIL A 
PLATINUM 
RESISTANCE
SAMPLE
THERMOCOUPLE
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The a to m ic  s u s c e p t i b i l i t y  rX t\ u ran ium  i o n  was
o b t a i n e d  by  c o r r e c t i n g  f o r  the  d ia m ag n e t i sm  o f  the  
l i g a n d s  ( 2 0 2 ) and a l s o  f o r  th e  u ran iu m  i o n  (97  ) .
The m a g n e t i c  moment was t h e n  c a l c u l a t e d  u s i n g  th e  e g u a t i o n :
4 1 2 . 8 ^ 7 X a ' . S  B.M.
S in c e  th e  d e g re e  o f  h y d r a t i o n  o f  th e  u r a n i u m ( I I l )  
compounds p r e p a r e d  was u n c e r t a i n ,  t h e  m o l e c u l a r  w e ig h t s  
u sed  were c a l c u l a t e d  on t h e  b a s i s  o f  t h e  u ra n iu m  a n a l y s i s .
3 . U l t r a v i o l e t  and V i s i b l e  S p e c t r a
(a )  R e f l e c t a n c e  S p e c t r a
A Unicam S .P .  700C a u to m a t i c  r e c o r d i n g  s p e c t r o ­
p h o to m e te r  was used  to  r e c o r d  s p e c t r a  i n  th e  ran g e  
5 0 ,0 0 0  to  5 ? 000cm. I n  t h e  c ase  o f  compounds which
were m o d e r a t e l y  s t a b l e  tow ard s  a i r  t h e s e  were c o n t a i n e d
°fi n  one h a l f  a c i r c u l a r  c e l l ?  th e  o t h e r  h a l f  c o n t a i n e dr\
t h e  " r e f e r e n c e . L i P .  H y g ro sco p ic  and oxygen s e n s i t i v e  
compounds were c o n t a i n e d  i n  a 2mm. p a t h - l e n g t h  c e l l  
which was f i l l e d  u n d e r  n i t r o g e n  and s e a l e d  u n d e r  p a r t i a l  
vacuum. S t r o n g l y  a b s o r b i n g  s o l i d s  were d i l u t e d  w i t h  
L iF  o r  f i n e l y  ground where p o s s i b l e  ( i n  a d r y - b a g ) .
(b) S o l u t i o n  S p e c t r a
These were r e c o r d e d  on th e  Unicam S .P .  700C u s i n g  
2mm. and 1cm. c e l l s .  The c e l l s  were f i l l e d  u s i n g  
a p p a r a t u s  p r e v i o u s l y  d e s c r i b e d  ( 1 9 5 )« -AH s o l v e n t s  
were t h o r o u g h l y  deo x y g en a te d  u s i n g  th e  f r e e z e - t h a w  
t e c h n i q u e .  I n  a l l  c a s e s  t h e  s p e c t r a  were r u n  a g a i n s t
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t h e  pure  s o l v e n t  as r e f e r e n c e .  To m in im ise  o x i d a t i o n  
o f  u r a n i u m ( I I I ) , t h e  c e l l  compartment  o f  th e  i n s t r u m e n t  
was c o o le d  t o  0 t o  5 ° "by c o n t in u o u s  r e f r i g e r a t i o n .
ij-• I n f r a - r e d  S p e c t r a
The s p e c t r a  were r e c o r d e d  as n u j o l  o r  h e x a c h l o r o -  
b u t a d i e n e  m u l l s  u s i n g  b o t h  t h e  Unicam S .P .  200 and th e  
G ru b b -p a r so n s  ’S p e c t r o m a s t e r ’ s p e c t r o p h o t o m e t e r s .  The 
l a t t e r  was a h i g h - r e s o l u t i o n  i n s t r u m e n t  c o v e r i n g  th e  
r an g e  5>000 t o  i+OOcan.""  ^ The m u l l i n g  a g e n t s  were de ­
o x yg en a ted  b e f o r e  u s e ,  and k e p t  u n d e r  n i t r o g e n .  Samples 
were p r e p a r e d  i n  a n i t r o g e n - b a g .  P a r  i n f r a - r e d  sx ie c t ra  
were o b t a i n e d  u s i n g  the  P o u r i e r  P S .720 i n t e r f e r o m e t e r  
and Raman s p e c t r a  were o b t a i n e d  u s i n g  th e  Cary 81 
s p e c t r o m e t e r  w i t h  He/Re e x c i t a t i o n  (by c o u r t e s y  o f  
P r o f e s s o r  I .  R. B e a t t i e ) .
5• R e ag en ts  and S o l v e n t s
AnalaR r e a g e n t s  were u se d  where p o s s i b l e  w i t h o u t  
f u r t h e r  p u r i f i c a t i o n .  ’Super  d r y ’ e t h a n o l  and m e th a n o l  
were p r e p a r e d  by  t r e a t i n g  ’a b s o l u t e ’ e t h a n o l  ( 99 ° / o ) aVxc^  metWnoL 
w i t h  magnesium (200 ) .  The s o l v e n t s  were s t o r e d  o v e r  
m o l e c u l a r  s i e v e s ,  and d e o x y g en a te d  b e f o r e  u s e .
6 . M i c r o a n a ly s e s
M ic r o a n a ly s e s  f o r  c a r b o n ,  h y d ro gen  and n i t r o g e n  were 
p e r fo rm ed  by  th e  U n i v e r s i t y  o f  S u r r e y  M i c r o a n a l y t i c a l  
S e r v i c e .
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CHAPTER 3
PREPARATIONS OF HYDRA TUP URANIUM( i l l )  COMPOUNDS
1. P r e p a r a t - i  ons-t o f  H y d ra te d  S u l p h a te s  and Double 
S u l p h a t e s  o f  U r a n i u m ( I I I )
( a ) U r a n l u m ( I I l )  S u l p h a t e  O c ta h y d r a t e  Up(SO. ) .8H 0
U r a n y l  s u l p h a t e  h y d r a t e  UOgSO; .3iHgO (25go)P
d i s s o l v e d  i n  2P HpSOj ( 2 0 0 m l . ) ,  was e l e c t r o - r e d u c e d“■}*
f o r  f i v e  h o u r s  u s i n g  the  c e l l  p r e v i o u s l y  d e s c r i b e d  i n  
th e  E x p e r i m e n t a l  S e c t i o n ;  2N HoS0, was a l s o  u se d  as 
th e  a n o l y t e .  The r e d u c t i o n  was pe rfo rm ed  a t  a c u r r e n t  
o f  2 -  3-A* and a v o l t a g e  o f  20 -  30V; th e  e x a c t  v a l u e s  
depended on c o n c e n t r a t i o n  and e x p e r i m e n t a l  c o n d i t i o n s  
su c h  as  th e  r a t e  o f  s t i r r i n g .  C u r r e n t s  i n  e x c e s s  o f  
3A« were n o t  employed b e c a u s e  o f  e x c e s s i v e  h e a t i n g .
The c e l l  v/as c o o le d  t h ro u g h o u t  t h e  e x p e r im e n t  hy  means 
o f  ru n n in g  w a t e r ,  t h e  l e v e l  i n  th e  c o o l i n g  t a n k  b e i n g  
m a i n t a i n e d  c o n s t a n t  by  a wa ter-pum p.  The r a t e  o f  
s t i r r i n g  was a d j u s t e d  so as  to  p r e v e n t  p o l a r i s a t i o n  
o f  th e  c a t h o d e ,  which o t h e r w i s e  caused  th e  c u r r e n t  t o  
d rop  t o  a v e r y  low v a lu e  (below 0 . 5 A . ) .
On f r e q u e n t  o c c a s i o n s  th e  c u r r e n t  was o b s e r v e d  
to  f a l l  a f t e r  r e d u c t i o n  t o  u ran iu m (IV )  was com ple ted  
( l i  t o  2 h o u r s ) .  T h is  was o f  l i t t l e  consequence  
p r o v i d e d  th e  c u r r e n t  was n o t  lo w er  t h a n  LA. The c a u se  
was t r a c e d  to  a b lo c k a g e  o f  the  anode compartment  by  
c r y s t a l l i s e d  u ran iu m ( lV )  s u l p h a t e .  On f u r t h e r  r e d u c t i o n  
t h i s  n o r m a l l y  r e d i s s o l v e d  as th e  v e r y  s o l u b l e  u r a n i u m ( I I l )  
s u l p h a t e ,  and t h e  c u r r e n t  i n c r e a s e d  t o  i t s  o r i g i n a l  
v a l u e .
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W ater  l o s t  from th e  anode compartment  by  e l e c t r o l y s i s  
was r e p l a c e d  when n e c e s s a r y .  Throughout  th e  r e d u c t i o n  
a s t e a d y  s t r e a m  o f  n i t r o g e n  ( 1 - 2  b u b b l e s  p e r  second)  
was p a s s e d  th r o u g h  th e  e l e c t r o l y t e .
D u r ing  th e  r e d u c t i o n  th e  i n i t i a l l y  y e l lo w  e l e c t r o l y t e  
r a p i d l y  became p a l e  g r e e n  and t h e n  d a r k  g r e e n  as th e  
r e d u c t i o n  t o  u ran iu m ( lV )  was c o m p le te d .  On p a s s i n g  
th e  u ran ium (IV )  s t a g e  the  s o l u t i o n  a p p e a re d  to  be  
v e r y  d a r k  g r e e n ,  a lm o s t  b l a c k  b y  r e f l e c t e d  l i g h t .
However, v iewed by  l i g h t  t r a n s m i t t e d  t h r o u g h  t h e  c e l l  
f rom  a w h i te  l i g h t  s o u r c e  (no t  f l u o r e s c e n t ) ,  t h i s  
s o l u t i o n  had a red  t i n g e  which p r o g r e s s i v e l y  i n c r e a s e d  
i n  i n t e n s i t y  so  t h a t  a t  com ple te  r e d u c t i o n  t h e  s o l u t i o n  
a p p e a re d  to  be c o m p l e t e l y  w in e - r e d  by  t r a n s m i t t e d  
l i g h t .  T h is  was found  to  be a v e r y  good i n d i c a t i o n  
o f  com ple te  r e d u c t i o n ,  p a r t i c u l a r l y  s i n c e  u ran iu m (IV )  
s o l u t i o n s  a r e  p a l e  g r e e n  i n  a l l  c o n d i t i o n s  o f  l i g h t i n g .
The unusua l : ,  c o l o u r  of. t h e  h y d r a t e d  u ra n iu m  ( I I I )  i o n ,  
b e i n g  r e d  by  t r a n s m i t t e d  l i g h t  b u t  g r e e n  by  r e f l e c t e d  
l i g h t ,  has  caused  c o n s i d e r a b l e  c o n f u s i o n  i n  t h e  l i t e r a t u r e .
A f t e r  r e d u c t i o n  f o r  f o u r  h o u r s  t h e  c e l l  was c o o le d  
t o  0° i n  i c e  and w a te r  and th e  e l e c t r o l y s i s  c o n t i n u e d  
f o r  a f u r t h e r  h o u r  t o  com ple te  th e  r e d u c t i o n .  A f t e r  
t h i s  t ime th e  c u r r e n t  and s t i r r i n g  were s t o p p e d ,  and 
w i th o u t  d e l a y ,  t h e  anode compartment  was removed i n  a 
s t r e a m  o f  n i t r o g e n  and th e  i n l e t  s toiDpered.  The r e d u c e d  
s o l u t i o n  had a u r a n i u m ( l l l )  c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  
7 0 g. l itre"**-.
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U r a n i u m ( I I I )  s u l p h a t e  s o l u t i o n  ( 6 0 m l . ) was t r a n s f e r r e d  
to  a c a l i b r a t e d  3 - t a p p e a  f l a s k  (P ig .  2) by  t h e  method 
p r e v i o u s l y  d e s c r i b e d ,  and th e n  added s l o w l y  w i t h  s h a k in g  
t o  d eo x yg en a ted  e t h a n o l  ( 2 0 0 m l . ) .  A f in e *  o l i v e - g r e e n  
p r e c i p i t a t e  s e p a r a t e d  im m e d ia te ly ,  and t h i s  c o a g u l a t e d  
and s e t t l e d  ou t  i n  an e a s i l y  f i l t e r a b l e  form.  R e v e r s e  
a d d i t i o n  was found  t o  g iv e  an o i l  which e v e n t u a l l y  
s o l i d i f i e d  t o  g i v e  a h a rd  mass and t h i s  c o u ld  n o t  be 
removed f rom  th e  v e s s e l .  The p r e c i p i t a t e  was f i l t e r e d  
o f f  u n d e r  n i t r o g e n  i n  the  a p p a r a t u s  sh o r n  i n  P i g .  2, 
washed w i t h  e t h a n o l  ( 100m l . ) ,  and d r i e d  b y  b e i n g  pumped 
on c o n t i n u o u s l y  f o r  1% h o u r s  a t  room t e m p e r a t u r e .
D ry in g  f o r  l o n g e r  p e r i o d s  r e s u l t e d  i n  l o s s  o f  w a t e r  
g i v i n g  a g re e n -b ro w n  compound c o n t a i n i n g  a p p r o x i m a t e l y  
5 molecu3.es o f  w a t e r .  The p r e c i p i t a t e  c o u ld  a l s o  be  
d r i e d  ove r  i n  vaGU0 ^ o r  ^ 2 d a y s .  The p £ °3
was removed i m m e d ia te ly  th e  p r e c i p i t a t e  was f r e e - f l o w i n g ,  
o t h e r w i s e  lov/er  h y d r a t e s  r e s u l t e d .  The d r y  compound 
was s e a l e d  o f f  i n  t u b e s  u n d e r  vacuum. The y i e l d  o f  
u ran iu m  ( I I I )  s u l p h a t e  o c t a h y d r a t e  was a lm o s t  q u a n t i t a t i v e *  
C a l c u l a t e d  f o r  UgCSO^ .& H ^ :  U, 52.kl ;  S O 3 1 . 7 4 ° / o ;
SO^/0 = 1 . 5 0 .  Found: U, 5 1 . 8 6 ;  SO. „ 3 1 .3 8 ° /o ;  SO./U ?= I . 5 0 , 
A sample o f  hydrated uranium ( I I I )  s u lp h a te ,  shown 
by g r a v i m e t r i c  a n a l y s i s  to  c o n t a i n  f i v e  m o le c u le s  o f  
w a t e r ,  was a n a l y s e d  f o r  uranium ( I I I )  c o n t e n t  and t h e  
f o l l o w i n g  r e s u l t s  were o b t a i n e d ;  c a l c u l a t e d  f o r  
U g s o p  -5H20: U, 5 5 . 71; SO^, 3 3 .7 U ° /o ;  SO^/U = i . 5 0 .
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P o u n d : t o t a l  U, 34*61 ;  SO, , 33-73°/o;  SO,/U = 1*53;*4- -1-
U, as u3+, 5U.87° / o.
Im p o r ta n c e  o f  C l e a n l i n e s s  and R ap id  M a n i p u l a t i o n
Because  o f  th e  i n s t a b i l i t y  o f  t h e  u r a n i u m ( I I I )  
s o l u t i o n s  and o f  th e  wet s o l i d s ,  r a p i d  m a n i p u l a t i o n  
was r e q u i r e d *  I n  o r d e r  t o  e n s u r e  minimum o x i d a t i o n  
t h e  whole p r e p a r a t i o n  had t o  be com ple ted  on t h e  same 
d a y .  T h is  a p p l i e s  to  a l l  t h e  p r e p a r a t i o n s  i n v o l v i n g  
u ran iu m  ( I I I )  d e s c r i b e d  i n  t h i s  sec t ion* '
I t  was im p o r t a n t  t h a t  t h e  m erc u ry  u se d  i n  th e  
r e d u c t i o n  was o f  h ig h  p u r i t y ,  s i n c e  t r a c e s  o f  i m p u r i t i e s  
c a t a l y s e d  t h e  o x i d a t i o n  o f  u r a n i u m ( I I l )  t o  u r a n i u m ( I V ) .  
T ra c e s  o f  m ercu ry  o r  p l a t i n u m  s a l t s ,  and p l a t i n u m  
b l a c k  a l s o  had th e  same a d v e r s e  e f f e c t .  I n  c a s e s  
where s u l p h a t e  s o l u t i o n s  had b e en  red u c ed  s m a l l  amounts 
o f  b l a c k  m e r c u r i c  s u l p h i d e  were found i n  t h e  m erc u ry  
and t h e s e  were s i m i l a r l y  u n d e s i r a b l e .  P r e g u e n t  c l e a n i n g  
and r e d i s t i l l a t i o n  o f  t h e  m e rc u ry  were t h e r e f o r e  
n e c e s s a r y .  O v e r a l l  c l e a n l i n e s s  o f  t h e  c e l l  was e s s e n t i a l  
s i n c e  s o l i d  i m p u r i t i e s  p r o v id e d  c e n t r e s  f o r  th e  f o r m a t i o n  
o f  h y d ro g en  gas and prom oted  o x i d a t i o n  o f  u r a n i u m ( I I I )  
t o  u r a n iu m ( I V ) .
P r o p e r t i e s  o f  Uranium ( I I I )  S u l p h a t e
U r a n i u m ( l I I )  s u l p h a t e  o c t a h y d r a t e  was fo u nd  t o  be 
o l i v e - g r e e n  i n  f l u o r e s c e n t  l i g h t  b u t  brown i n  n o rm a l  
e l e c t r i c  l i g h t  and s u n l i g h t .  Uranium(IV) s u l p h a t e s  
were p a l e  g r e e n  i n  a l l  t h e s e  c o n d i t i o n s .
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The u r a n i u m ( I I I )  s u l p h a t e  d i s s o l v e d  i n  w a t e r  to  
g iv e  a t r a n s i e n t  r e d - g r e e n  s o l u t i o n  which r a p i d l y  
o x i d i s e d  e i t h e r  i n  a i r  o r  u n d e r  n i t r o g e n  t o  g i v e  u ran iu m (IV )  
s u l p h a t e .  T h is  r a p i d l y  h y d r o l y s e d  t o  g iv e  a s p a r i n g l y  
s o l u b l e ,  p a l e  g r e e n ,  b a s i c  u ran ium (IV )  s u l p h a t e .
U r a n i u m ( I I I )  s u l p h a t e  was f r e e l y  s o l u b l e  i n  d i l u t e  
h y d r o c h l o r i c  and s u l p h u r i c  a c i d s  t o  g iv e  c h a r a c t e r i s t i c  
d a r k  r e d - g r e e n s  s o l u t i o n s  which were o n ly  s l o w l y  o x i d i s e d  
a t  room t e m p e r a t u r e  u n d e r  n i t r o g e n .  I n  a i r  t h e y  were ■ 
im m e d ia te ly  o x i d i s e d  t o  g iv e  p a l e  g r e e n  u r 'a n iu m ( iv )  
s o l u t i o n s .  The u r a n i u m ( I I I )  s o l u t i o n s  were c o n s i d e r a b l y  
more s t a b l e  a t  0 °  and be low ,  a l t h o u g h  hy d ro g en  was 
s l o w l y  e v o lv e d  i n  a l l  c a s e s .  I n  11N h y d r o c h l o r i c  a c i d ,  
w i n e - r e d  s o l u t i o n s  were produced  which  evo lved  h y d r o g e n ,  
and were l e s s  s t a b l e  t h a n  s o l u t i o n s  i n  d i l u t e  a c i d -  
The u r a n i u r n ( l l l )  s u l p h a t e  gave u n s t a b l e  r e d  s o l u t i o n s  
i n  c o n c e n t r a t e d  hydrobrom ic  and p e r c h l o r i c  a c i d s  b u t  
t h e s e  o x i d i s e d  w i t h i n  a few m in u te s  o f  p r e p a r a t i o n  
t u r n i n g  p a l e  g r e e n .  U r a n i u m ( l l l )  s u l p h a t e  r e a c t e d  
v i g o r o u s l y  w i t h  d i l u t e  n i t r i c  a c i d  w i t h  e v o l u t i o n  o f  
o x id e s  o f  n i t r o g e n  t o  g iv e  a p a l e  g r e e n  u r a n i u m ( i v )  
n i t r a t e  s o l u t i o n .
The o c t a h y d r a t e  was i n s o l u b l e  i n  th e  f o l l o w i n g  
o r g a n i c  s o l v e n t s :  m e th a n o l ,  e t h a n o l ,  a c e t o n e ,  b e n z e n e ,
x By t h i s ,  t h r o u g h o u t  the  p r e s e n t  work,  i t  i s  meant  
t h a t  th e  s o l u t i o n  was w in e - r e d  by t r a n s m i t t e d  l i g h t ,  
b u t  g r e e n  by  r e f l e c t e d  l i g h t .
ether*,  d io x a n ,  c a r b o n  t e t r a c h l o r i d e ,  n i t r o m e t h a n e ,  
d im e th y l fo rm a m id e ^ ,  d i m e t h y l s u l p h o x i d e ^  and i e t r a h y d r o f u r a n  
U r a n i u m ( l I I )  s u l p h a t e  o c t a h y d r a t e  was c o n v e r t e d  i n t o  
an  o range  low er  h y d r a t e  by h e a t i n g  u n d e r  n i t r o g e n  w i t h  
2, 2 }-d im e th o x y p r o p a n e .
U r a n i u m ( I I I )  s u l p h a t e  was found  t o  be  m o d e r a t e l y  
s t a b l e  towards  d r y  a i r ;  I t  c o u ld  be  s a f e l y  h a n d le d  i n  
a i r  f o r  1 t o  2 h o u r s  w i t h o u t  d e t e c t a b l e  o x i d a t i o n ,  so 
t h a t  d i f f u s e  r e f l e c t a n c e  and i n f r a - r e d  s p e c t r a  c o u ld  
b e  O b ta ined  w i t h o u t  s p e c i a l  p r e c a u t i o n s .  To k e e p  t h e  
compound w i t h o u t  o x i d a t i o n  f o r  any l e n g t h  o f  t i m e ,  i t  
was s t o r e d  u n d e r  n i t r o g e n  o r  vacuum.
T h e rm o g ra v im e t r ic  a n a l y s i s  on U (SO ) .8H 0 showed 
t h a t  i t  l o s t  s i x  molecu3.es o f  w a t e r  i n  one s t e p  ( i n f e r r e d  
f rom t h e  p r e s e n c e  o f  o n ly  one p l a t e a u )  t o  g iv e  an o r a n g e  
d i h y d r a t e .  The rem ov a l  o f  th e  r e m a in in g  w a t e r  m o le c u l e s  
was accompanied by  o x i d a t i o n  and c o n s e q u e n t l y  e x a c t  
c a l c u l a t i o n s  were n o t  p o s s i b l e .  Thermal  a n a l y s i s  (201) 
u s i n g  a d i f f e r e n t i a l - s c a n n i n g  c a l o r i m e t e r  showed t h a t  
s i x  m o le c u le s  o f  w a t e r  were l o s t  e n d o t h e r m i c a l l y  a t  
1I|.0° b u t  t h a t  an e x o th e r m ic  p r o c e s s  o c c u r r e d  a t  280° 
d u r i n g  which w e ig h t  e q u i v a l e n t  t o  one more w a t e r  m o le c u le  
was l o s t ,  and a p a l e  g r e e n  p r o d u c t  fo rm ed.  The l o s s  o f  
w a t e r  i s  u s u a l l y  e n d o th e rm ic  so t h a t  the  e x o th e r m i c  
r e a c t i o n  was p r o b a b l y  due to  o x i d a t i o n  o f  u r a n i u m ( I I I )
I  I n  t h e s e  c a s e s  p a r t i a l  d e h y d r a t i o n  to  an o r a n g e -  
brown lower  h y d r a t e  was o b s e r v e d .
-  72 -
"by one w a t e r  m o le c u le  t o  g iv e  an o x o - o r  hj^droxo- 
u ran iu m ( lV )  s u l p h a t e ,  and s i m u l t a n e o u s  l o s s  o f  th e  
o t h e r  w a te r  m o le c u le ,  t h u s  e x p l a i n i n g  th e  a-pparent l o s s  
o f  o n ly  s e v e n  w a t e r  m o le c u l e s .
(h)  U r a n i u m ( I I I )  S u lp h a te  D i h y d r a t e  UgCsO^)^.2H^O
A sample  o f  U2 (S0^)^.SH^O was p a r t i a l l y  d e h y d r a t e d  
by  h e a t i n g  ( i n  th e  T - p i e c e  o f  t h e  ’p i g 1) a t  155 t o  *
160° u n d e r  c o n t i n u o u s  pumping f o r  f i v e  h o u r s .  The 
o ran g e -h ro w n  d i h y d r a t e  was s e a l e d  o f f  i n  vacuum.
The d i h y d r a t e  was t h e r m a l l y  s t a b l e  i n  vacuum up t o  
260° ,  beyond which o x i d a t i o n  o c c u r r e d  t o  a p a l e  g r e e n  
b a s i c  u ran iu m ( lV )  s u l p h a t e .  The i s o l a t i o n  and t h e r m a l  
b e h a v i o u r  o f  t h i s  compound a r e  as e x p e c te d  from t h e r m a l  
a n a l y s i s  o f  th e  o c t a h y d r a t e .  C a l c u l a t e d  f o r  U^CSO^)^.2HgO:
U, 59*48;  80^ ,  3 6 .OO0/ 0 ; SO^/U, I . 5 0 . Pound: U, 6 0 . 0 0 ;
SO^, 3 6 . 3 3 ° / o ;  SO^/U, 1 . 5 0 .
The c h e m ic a l  p r o p e r t i e s  o f  u r a n i u m ( I I I )  s u l p h a t e  
d i h y d r a t e  c l o s e l y  r e sem b led  th o s e  o f  the  o c t a h y d r a t e .
F o r  exam ple ,  i t  d i s s o l v e d  i n  I I P  HC1 w i t h  p r o d u c t i o n  
o f  t h e  c h a r a c t e r i s t i c  r e d - p u r p l e  s o l u t i o n  which s p o n t a n e o u s l y  
l i b e r a t e d  h y d rog en .  I t  was n o t  p a r t i c u l a r l y  h y g r o s c o p i c ,  
and a sample  was k e p t  i n  a i r  f o r  s i x  months w i t h o u t  
o x i d a t i o n .
(c)  Uranium(IV) S u l p h a te  T e t r a h y d r a t e  U f S O ^ ^ U l '^ O
A s o l u t i o n  o f  u r a n y l  s u l p h a t e  i n  2U s u l p h u r i c  
a c i d  was r e d u c e d  f o r  two h o u r s  as i n  p r e p a r a t i o n  ( l a ) ,
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A sample  o f  th e  s o l u t i o n  ( 5 0 m l . ) was p i p e t t e d  f rom t h e
c e l l ,  and a i r  b u b b le d  t h r o u g h  i t  t o  o x i d i s e  any u r a n i u m ( I I I )
p r e s e n t  to  u r a n iu m ( lV ) .  C o n c e n t r a t e d  s u l p h u r i c  a c i d
was added s l o w l y  t o  th e  i c e  co ld  s o l u t i o n ,  which  h e a t e d
up c o n s i d e r a b l y .  A f t e r  c o o l i n g  t o  room t e m p e r a t u r e  th e
a p p l e - g r e e n  u ran iu m (IV )  s u l p h a t e  was f i l t e r e d  o f f ,  washed
w i t h  a c e t o n e ,  and d r i e d  o v e r  c a l c iu m  c h l o r i d e .  C a lcu? ,a ted
f o r  U(S0. ) -4Hn0: U, 4 7 - 4 1 ;  SO,, 3 8 . 2 4 ° / o .  Pound:4  2 2 4
U> 4 7 .6 5 ;  SO^, 3 8 .4 2 ° /o <
(A) Uranium (lV)  S u l p h a t e  O c ta h y d r a t e  U( 8 0 ^ ) ^ i ^I^O 
A s o l u t i o n  o f  u ran ium (IV )  s u l p h a t e  o b t a i n e d  by 
e l e c t r o - r e d u c t i o n  was a l low ed  t o  c r y s t a l l i s e  a t  room 
t e m p e r a t u r e  i n  a l a r g e  e v a p o r a t i n g  b a s i n  f o r  a b o u t  one 
week. L a rg e ,  d a r k  g r e e n ,  s h i n i n g  c r y s t a l s  o f  th e  
e n n e a h y d r a t e  s e p a r a t e d .  These were f i l t e r e d  o f f  a t  t h e  
pump and washed w i t h  a l i t t l e  2N H^SO^, p r e s s e d  w e l l  
b e tw een  f i l t e r  p a p e r ,  and d r i e d  i n  a i r .  A f t e r  a few days  
a t  room t e m p e r a t u r e  th e  c r y s t a l s  e f f l o r e s c e d ,  l o s i n g  
a p p r o x i m a t e l y  one m o le c u le  o f  w a t e r  t o  g iv e  a compound 
a n a l y s i n g  as an o c t a h y d r a t e .  C a l c u l a t e d  f o r  U(SO^)2 *SH^O: 
U, 4 1 .4 9 ;  so ^ ,  3 3 - 4 6 ° / o .  Pound: U, 4 0 . 6 6 ;  SO^, 3 3 . 2 8 ° / o .
( e )  I n v e s t i g a t i o n  o f  ‘'Rosenheim* s Compound’ HU (SO. )H- C.
Method A
T h is  was th e  method 'osed by  Rosenheim ( s e e  
I n t r o d u c t i o n ,  page 4 0 ) .
Uranium t r i o x i d e  (30g*) was d i s s o l v e d  i n  h o t
h y d r o c h l o r i c  a c i d  (2 0 0 m l . , s p . g r . 1 . 1 2 ) ,  and th e  s o l u t i o n  
was f i l t e r e d  to  remove u n d i s s o l v e d  o x id e .  I m m e d ia te ly  
t h i s  s o l u t i o n  came i n t o  c o n t a c t  w i t h  th e  m e rc u ry  i n  th e  
c e l l ,  t h e  m e rc u ry  s t a r t e d  to  o x i d i s e  and th e  s u r f a c e  was 
co v e red  i n  a g r e y  d e p o s i t .  The s o l u t i o n  was e l e c t r o l y s e d  
i n i t i a l l y  a t  3-A; 10V. u s i n g  h y d r o c h l o r i c  a c i d  ( s p . g r .  1 .1 2 )  
as t h e  a n o l y t e ,  however ,  d u r i n g  e l e c t r o l y s i s  t h e  c u r r e n t  
p r o g r e s s i v e l y  d e c r e a s e d  as  th e  q u a n t i t y  o f  g r e y  d e p o s i t  
i n c r e a s e d *  A f t e r  a t o t a l  o f  f i v e  h o u r s  e l e c t r o l y s i s  t h e  
c u r r e n t  had f a l l e n  t o  a v e r y  low v a lu e  ( 0 . 1 - 0 . 2 A . ) ,  and 
th e  s o l u t i o n  was a p p l e - g r e e n ,  c h a r a c t e r i s t i c  o f  u r a n i u m ( l V ) .  
The p l a t i n u m  anode was c o n s i d e r a b l y  a t t a c k e d  by  c h l o r i n e .
The e x p e r im e n t  was s to p p e d  a t  t h i s  s t a g e  t o  p r e v e n t  f u r t h e r  
c o r r o s i o n  o f  b o t h  m ercu ry  and p l a t i n u m .1 The g r e y  d e p o s i t  
was found to  c o n s i s t  o f  m ercu rou s  c h l o r i d e  and f i n e l y -  
d i v i d e d  m erc u ry .
Me th o d  3
A s o l u t i o n  o f  u r a n i u m ( l l l )  s u l p h a t e  was p r e p a r e d
as - p re v io u s ly  d e s c r i b e d  ( l a ) .  The s o l u t i o n  was c o o le d  i n
a ’D r i k o l d !- m e t h s . b a t h  u n t i l  i c e  s t a r t e d  t o  fo rm .
C o n c e n t r a t e d  s u l p h u r i c  a c id  was added s l o w l y  w i t h  s h a k i n g
and th e  t e m p e r a t u r e  was ke*pt be low  0 ° .  A f t e r  a b o u t  one
q u a r t e r  o f  an e q u a l  volume o f  s u l p h u r i c  a c i d  had b e en
added ,  d a rk  g r e e n  c r y s t a l s  s e p a r a t e d  (p re su m a b ly
U-(S0, ) . 8H 0 ) .  F u r t h e r  a d d i t i o n  o f  s u l p h u r i c  a c i d  gave 
2 4 3 2
a y e l lo w -b ro w n ,  a lm ost  c o l l o i d a l ,  p r e c i p i t a t e .  The y e l l o w -  
brown p r e c i p i t a t e  was u n s t a b l e  even  a t  0 ° ,  and was
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f i l t e r e d  o f f  o n ly  w i t h  d i f f i c u l t y  a t  room t e m p e r a t u r e .
I t  g r a d u a l l y  "became g r e y ,  and c o n s i d e r a b l e  gas e v o l u t i o n
(H^S* SC>2 and H ) was o b s e rv e d  d u r i n g  the  e x p e r i m e n t .
The g r e y  p r e c i p i t a t e  was washed w i t h  g l a c i a l  a c e t i c  acid . ,
and d r i e d  f o r  f i v e  h o u r s .  C a l c u l a t e d  f o r  U(SO, )_.2H 0:4 2 2 :
U, 5 1 . 0 7 ;  S0U, U l - 2 7 ° / o .  Found : U, 5 0 . 8 3 ;  SO, , U Q .8 6 ° /o .• 4
The a n a l y s e s  showed t h a t  t h e  f i n a l  p r o d u c t  was 
U(S0i )^ .2H 0 .  I t  i s  l i k e l y  t h a t  th e  y e l lo w -b ro w n  compoundr <£ C.
was ^°P B comPound
H SO, .U (SO, ) .xH 0) o b t a in e d  b y  d e h y d r a t i o n  o f  t h e  
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o c t a h y d r a t e  p r e c i p i t a t e d  i n i t i a l l y .  Under c o n d i t i o n s  o f  
h i g h  a c i d i t y  t h i s  was r e a d i l y  o x i d i s e d  t o  u ran iu m (IV )  
s u l p h a t e  d i h y d r a t e .  A l th o u g h  t h i s  g r e y  compound c o n t a i n e d  
m a i n l y  u r a n iu m ( I V ) ,  on o c c a s i o n s ,  i m m e d ia te ly  a f t e r  
p r e p a r a t i o n  i t  was p o s s i b l e  to  i d e n t i f y  t r a c e s  o f  
u r a n i u m ( I I I )  a l s o  p r e s e n t  by  r e f l e c t a n c e  s p e c t r a ,  and 
b y  th e  f o r m a t i o n  o f  a t r a n s i e n t  red  c o l o u r a t i o n  i n  
c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .
( f ) Sodium U r a n i u m ( I I I )  S u l p h a t e  T e t r a h y d r a t e
K82sou . u2 ( sou ) 3 . uh2o
A m ix t u r e  o f  u r a n y l  s u l p h a t e  ( lO g . )  and sodium 
s u l p h a t e  ( 1 . 6 5 g*) was d i s s o l v e d  i n  2U s u l p h u r i c  a c i d  (lOQmlo) 
and e l e c t r o - r e d u c e d  a t  20 - 30V; 2 -  3A. as i n  p r e p a r a t i o n  
( l a ) .  A f t e r  l j  h o u r s  e l e c t r o l y s i s ,  t r a c e s  o f  a d a r k ,  
o l i v e - g r e e n  (brown i n  w h i te  l i g h t )  c r y s t a l l i n e  s o l i d  
s t a r t e d  to  s e p a r a t e  i n  th e  c e l l .  A f t e r  a f u r t h e r
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2 h o u r s ,  t h e  m ercu ry  was c o v e re d  i n  th e  d o u b le  s u l p h a t e ,  
and t h e  s u p e r n a t a n t  l i q u i d  was o n ly  a v e r y  p a l e  g r e e n .
The c u r r e n t  had a l s o  f a l l e n  to  a v e ry  low v a l u e .  The 
e l e c t r o l y s i s  v/as s t o p p e d ,  h u t  s t i r r i n g  was c o n t i n u e d  to  
p r e v e n t  th e  s o l i d  f rom s e t t l i n g  ou t  c o m p l e t e ly .  The 
s u s p e n s i o n  was sucked  out  o f  th e  c e l l  hy  a p p l y i n g  vacuum 
a t  t h e  n i t r o g e n  i n l e t  tube  and was f i l t e r e d  o f f .  The 
c r y s t a l s  were washed w i t h  e t h a n o l *  and d r i e d  f o r  l j  h o u r s .  
C a l c u l a t e d  f o r  Ka2S0 .u p s O ^ p . i + B g O :  U, 2+8.67; 50 ^ ,  3 9 - 2 7 ;  
I-Ta, i+ .70° /o .  Found: U, 2+8.63; SO. , 39-2+2; Ka, 2+.78°/o-
Much s o l i d  r em a ined  i n  th e  c e l l  b e c a u s e  i t  co u ld  
n o t  he sucked  ou t  w i t h o u t  c o n t a m i n a t i o n  w i t h  m e rc u ry .
To f a c i l i t a t e  rem ova l  o f  t h e  sodium u r a n i u m ( l l l )  s u l p h a t e ,  
t h e  c e l l  was p ro v id e d  w i th  a ’s p r i n g - l o a d e d ’ t a p  a t  t h e  
b o t to m .  I n  u s e ,  n i t r o g e n  was a d m i t t e d  t o  th e  t o p  o f  t h e  
c e l l  w h i l s t  t h e  m erc u ry  was d r a i n e d  o u t .  A s m a l l  volume 
o f  th e  d o u b le  s u l p h a t e  s u s p e n s i o n  was t h e n  r u n  ou t  and 
d i s c a r d e d .  The r e m a in d e r  was r u n  i n t o  an ’a p p a r a t u s  w i t h  
t h r e e  t a p s ’ , and f i l t e r e d  i n  t h e  no rm al  way.
The main  d i s a d v a n t a g e  o f  t h e  a p p a r a t u s  was th e  
d i f f i c u l t y  o f  p r e v e n t i n g  th e  m in u te  d r o p l e t s  o f  m erc u ry  
which  a d h e red  t o  the  v e s s e l  w a l l  from m ix in g  w i t h  t h e
x Although w ash ing  th e  d o u b le  s u l p h a t e s  w i t h  e t h a n o l  to  
remove s u l p h u r i c  a c id  was n o r m a l l y  a d e q u a t e ,  i f  l a r g e  
amounts o f  u ran iu m (IV )  o r  e x c e s s  a l k a l i  s u l p h a t e  were 
p r e s e n t  a p r i o r  washing  w i t h  a m ix t u r e  o f  e q u a l  volumes 
o f  IN H SOj and e t h a n o l  was n e c e s s a r y .
-  77 -
f i n a l  p r o d u c t .  T rac es  o f  m e t a l l i c  m ercu ry  o r  i t s  s a l t s  
were found t o  c a t a l y s e  t h e  o x i d a t i o n  o f  t h e  s o l i d  d o u b le  
s u l p h a t e .
(g)  P o t a s s i u m  U r a n i u m ( I I I )  Double S u l p h a t e s
These compounds were d i f f i c u l t  t o  o b t a i n  p u r e .
The p u r e  compounds, K ^ S O ^ .U ^ S O ^ ) lO I I^ O  and 5Kg,S0^ .U^CSO^)y
, fhio0 ? ; and a l s o  3h^S0^.U^(S0^ ) .xH^O, now? b e l i e v e d  t o
be  an  a lm o s t  e g u i m o l e c u l a r  m i x t u r e  o f  t h e s e  two compounds,
were p r e p a r e d .
The f o r m a t i o n  o f  t h e s e  s u b s t a n c e s  was found  t o  be
v e r y  d e p e n d e n t  n o t  o n ly  on the  r a t i o  o f  K SO./U (SO. ) _ ,2 4  2 4  3
b u t  a l s o  011 t h e  o v e r a l l  c o n c e n t r a t i o n  o f  th e  i o n s  i n  
s o l u t i o n .  The 1 :1  d o u b le  s u l p h a t e  was o n ly  i s o l a t e d  i n  
d i l u t e  s o l u t i o n s  o f  p o t a s s i u m  s u l p h a t e  where t h e  r a t i o  
IC/U = 1. The 3*. 1 d o ub le  s u l p h a t e ,  f r e e  f rom  t h e  1 :1  
double  s u l p h a t e ,  was o b t a i n e d  o n ly  i f  a v e r y  l a r g e  
(20 -  30  f o l d )  e x c e s s  o f  p o t a s s i u m  s u l p h a t e  was em ployed .
I n  m o d e r a t e l y  c o n c e n t r a t e d  s o l u t i o n s  even  where th e  r a t i o  
K/U = 1 ,  a m ix t u r e  r e s u l t e d  o f  o v e r a l l  c o m p o s i t i o n  
3KgS0^.Ug(SO^) .xH^O. T h is  m ix t u r e  formed o v e r  a wide 
ran g e  o f  c o n c e n t r a t i o n s  and was o f  r e m a r k a b l y  c o n s t a n t  
c o m p o s i t i o n .  I t  was f o r  some t ime b e l i e v e d  to  be a t r u e  
compound b u t  i n f r a - r e d  s t u d i e s  showed t h i s  n o t  to  be 
th e  c a se  as  w i l l  be  d i s c u s s e d  l a t e r .
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Ko80. .Uo(SO. ) . 10Ho0 2 4  2 v k ' 5 ___2
P o t a s s i u m  Sulpjhate  (1 .5 g * )  was d i s s o l v e d  i n  IK H 80j2 —I*
(lOOml. ) t h e  s o l u t i o n  h e a t e d  to  "b o i l in g ,  and t h e  f r e s h l y -  
Tooiled out  s o l u t i o n  was a t t a c h e d  to  the  n i t r o g e n  l i n e .
The s o l u t i o n  was t r a n s f e r r e d  to  a ’ l a r g e  f l a s k  ’w i th  
t h r e e  t a p s ’ and p u t  u n d e r  n i t r o g e n .  U r a n i u m ( l I I )  
s u l p h a t e  s o l u t i o n  (60m l . ) o f  t h e  same c o n c e n t r a t i o n  as 
i n  p r e p a r a t i o n  ( l a ) ,  was added w i t h  s h a k i n g  when a d a r k ,  
r e d - g r e e n  s o l u t i o n  r e s u l t e d  w i t h o u t  p r e c i p i t a t i o n .
The s o l u t i o n  was c o o le d  i n  i c e ,  and e t h a n o l  (3 0 m l . )  
was added s l o w l y ,  i n  1ml.  p o r t i o n s ,  so t h a t  t h e  f i n e  
p r e c i p i t a t e  which i n i t i a l l y  s e p a r a t e d  was d i s s o l v e d  "by 
s h a k i n g  "before th e  n e x t  a d d i t i o n  was made. A f t e r  a 
few m in u te s  c r y s t a l s  a p p ea red  t o  s e p a r a t e ,  and th e  
s o l u t i o n  was a l low ed  to  s t a n d  i n  an i c e  o a th  f o r  15 
m in u te s  to  com ple te  c r y s t a l l i s a t i o n .  The h e a v y ,  d a r k ,  
o l i v e - g r e e n  ("brown i n  w h i te  l i g h t )  c r y s t a l l i n e  s o l i d  
was f i l t e r e d  o f f ,  washed w i t h  e t h a n o l ,  and d r i e d  f o r  
two t o  t h r e e  h o u r s .  C a l c u l a t e d  f o r  K«S0, .U (SO, ) . 10Ko0:2 4  2 k 3 2
U, 4 2 .5 6 ;  SO. , 3 4 * 5 5 ° / o;  SOj/U, 2 .0 0 .  Pound:  U, 4 2 . 4 0 ;
V 4
s o . ,  3k-k8°/o; so, / u ,  2 . 0 1 6 .
5f f 3 . l - ' U2 (S4 i i l . 5H20 ° r  K5U(SOu V ' ’H2°
A s o l u t i o n  o f  p o t a s s i u m  s u l p h a t e  ( 2 0 g . ) i n  IK H(Lm —I"
(200m l. )  was d eo x ygena ted  as  p r e v i o u s l y  d e s c r i b e d .  To 
t h i s  u r a n i u m ( I I l )  s u l p h a t e  s o l u t i o n  (30  m l . )  o f  th e  same 
c o n c e n t r a t i o n  as  i n  p r e p a r a t i o n  ( l a ) ,  was added s l o w l y
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w i t h  s h a k i n g .  W i th in  two m in u te s  a y e l lo w -b ro w n ,  
c r y s t a l l i n e  p r e c i p i t a t e  s t a r t e d  to  s e p a r a t e  f rom  th e  
d a r k ,  r e d  g r e e n  s o l u t i o n *  A f t e r  f i v e  to  t e n  m in u te s  a 
h e a v y ,  d a rk -b ro w n  p r e c i p i t a t e  s e p a r a t e d  c o m p l e t e l y  
l e a v i n g  a c o l o u r l e s s  s u p e r n a t a n t  l i q u o r .  The p r e c i p i t a t e  
was f i l t e r e d  o f f ,  washed f i r s t  w i t h  IN HgSO^ t o  remove 
e x c e s s  p o t a s s i u m  s u l p h a t e ,  t h e n  w i t h  e t h a n o l  t o  remove 
s u l p h u r i c  a c i d ,  and d r i e d  f o r  f i v e  h o u r s .  C a l c u l a t e d  
f o r  K^UfSO, ) ^ .  'H g O ' : U, 2 8 . t|.8 ; SO^, U5 . S 6 0/c>; SO^/U, U.OO. 
Found: U, 2 8 .1+7j S0^s k6-55°/o;  S O . / a ,  i t . 0 5 3 .
The p r e s e n c e  o f  w a te r  was shown from th e  i n f r a - r e d  
sp e c t r u m ,  and t h i s  was n o t  removed On h e a t i n g  t h e  compound 
u n d e r  c o n t in u o u s  pumping a t  120 to  IlpO0 f o r  t h r e e  h o u r s .
3K„SO. .U„(SO, ) , . x H  0  
— U . .2 it  3 2
S o l u t i o n s  o f  KgSOj^ ( 3 - l g . ) and UgCSO^) .8HgO (5*i+S*)
i n  3*1 m o l e c u l a r  p r o p o r t i o n s  were p r e p a r e d  s e p a r a t e l y  
i n  minimum volumes o f  2N H SOj . These were  mixed w i t h
tL. -4 *
s h a k i n g ,  and a f t e r  a few m in u t e s  an o l i v e - g r e e n  c r y s t a l l i n e  
p r e c i p i t a t e  s t a r t e d  to  s e p a r a t e .  A f t e r  20 m in u te s  
p r e c i p i t a t i o n  was com ple te  l e a v i n g  a v e r y  p a l e  g r e e n  
s u p e r n a t a n t  l i g u i d .  The p r e c i p i t a t e  was f i l t e r e d  o f f ,  
washed w i t h  e t h a n o l ,  and d r i e d  f o r  two t o  t h r e e  h o u r s .
Using  1 :1  m o l e c u l a r  p r o p o r t i o n s  i n  s i m i l a r  c o n c e n ­
t r a t i o n s  gave th e  same compound e x c e p t  t h a t  o n ly  a 
t h i r d  o f  t h e  t o t a l  u ran ium  was p r e c i p i t a t e d ,  and t h e
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s u p e r n a t a n t  l i q u i d  was darl-c r e d - g r e e n  i n  c o l o u r .
C a l c u l a t e d  f o r  !>' 37*00;  t j 4 .8 0 o/ o ;
SO,/U, 3 -000 .  Found:  U, 3 7 -2 0 ;  SOk , U5* 2 7 ° / o ;  SO,/U,  3*016.<4- L\- _(.
By e s t i m a t i o n  o f  th e  u r a n i u r a ( l l l )  c o n t e n t  'by- 
o x i d a t i o n  w i t h  s t a n d a r d  p o t a s s i u m  d io h ro rn a te ,  and f rom  
t h e  r e f l e c t a n c e  sp e c t r u m ,  th e  compound was shown t o  
c o n t a i n  3 -  10° /o  u r a n iu m ( I V ) .  The i n f r a - r e d  s p e c t r u m  
a l s o  showed the  p r e s e n c e  o f  w a t e r  a l t h o u g h  th e  a n a l y s e s  
d id  n o t .  The s u b s t a n c e  was t h e r e f o r e  n o t  p u r e ,  h u t  had 
a c o m p o s i t i o n  c l o s e  t o  3K2S0^.U2 (S0^) .xH^O, th e  amount 
o f  w a t e r  p r e s e n t  b e i n g  u n c e r t a i n .
A t te m p ts  t o  p r e p a r e  th e  p o t a s s i u m  u r a n i u m ( I I - l )  
s u l p h a t e s  by  e l e c t r o l y s i s  o f  a m i x t u r e  o f  u r a n y l  and 
p o t a s s i u m  s u l p h a t e s  gave impure  p r o d u c t s .  I f  t h e  r a t i o  
U/K = 1, t h e n  a d a r k  g r e e n  p r e c i p i t a t e  was o b t a i n e d ,  
b u t  most o f  th e  u ran ium  rem a ined  i n  s o l u t i o n .  When a r a t i o  
U/K =^3 was u se d  th e n  s e p a r a t i o n  o f  th e  d o u b le  s u l p h a t e  
was v e r y  n e a r l y  complete  and a p a l e  g r e e n  s o l u t i o n  
rem a in e d .  I n  any e v e n t  t h e  f i n a l  p r o d u c t  c o n t a i n e d  
l a r g e  amounts o f  c o p r e c i p i t a t e d  u ra n iu m ( lV )  d o u b le  
s u l p h a t e .  The s u c o e s s  o f  t h i s  method i n  t h e  c a s e  o f  
sodium u r a n i u m ( I I I )  s u l p h a t e  a p p e a re d  to  l i e  i n  t h e  
much g r e a t e r  s o l u b i l i t y  o f  sodium u ran iu m (IV )  s u l p h a t e  
compared w i t h  p o t a s s iu m  u ran iu m (IV )  s u l p h a t e .
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(h)  Rubidium U r a n i n m ( l l l )  S u l p h a te  O c ta h y d r a t e
R t 2S0u .U2 (S04 )3 .8H20 
U r a n i u m ( I I I )  s u l p h a t e  s o l u t i o n  ( 1 0 0 m l . ) ,  o f  th e  
same c o n c e n t r a t i o n  as i n  p r e p a r a t i o n  ( l a ) ,  was added 
w i t h  s h a k i n g  to  s o l i d  ru b id iu m  s u l p h a t e  (k*3g * )• A f t e r  
a few m in u te s  a d a r k ,  o l i v e - g r e e n  (brown i n  w h i t e  
l i g h t ) ,  c r y s t a l l i n e  p r e c i p i t a t e  s t a r t e d  to  s e p a r a t e ,  
and th e  s o l u t i o n  was c o o le d  i n  i c e  f o r  15 m in u te s  to  
com ple te  c r y s t a l l i s a t i o n .  The c r y s t a l s  were  f i l t e r e d  
o f f ,  sucked  w e l l  t o  remove t h e  s u p e r n a t a n t  l i q u o r ,  
washed w i t h  e t h a n o l ,  and d r i e d  f o r  two to  t h r e e  h o u r s .
Y i e l d  13»5g* ( 7 8 ° / o ) .  C a l c u l a t e d  f o r  Rb^SO^.U^SO^)^.SH^O: 
U, 4 0 .5 2 ;  SO^, 3 2 . 7 0 ° / o ;  SO^/U, 2.00* Found:  U, U 0.29 ;
SO^, 3 2 . 5 8 ° / o ; SO^/U, 2 .0 0 .
( i ) Caes ium  U r a n i u m ( i l l )  S u l p h a t e  U n d e ca h y d ra te
Cs2S0^.U2 (S0^) .11H2 0
Method A
Caesium s u l p h a t e  ( 0 . 8 g . ) was d i s s o l v e d  i n  deoxy­
g e n a te d  2N HqS0, ( 3 0 m l . ) ,  and added w i t h  v i g o r o u s
c .  Hr
s h a k in g  t o  s o l i d  U2 ( S 0 ^ ) 8 H Q0 ( 2 g . ) .  The u r a n i u m ( i l l )  
s u l p h a t e  d i s s o l v e d  g i v i n g  a d a r k ,  r e d - g r e e n  s o l u t i o n ,  
and w i t h i n  a few m in u te s  o l i v e - g r e e n  (brown i n  w h i t e  
l i g h t ) ,  g l i s t e n i n g  c r y s t a l s  s e p a r a t e d  l e a v i n g  a v e r y  
p a l e  g r e e n  s u p e r n a t a n t  l i g u i d .  The dou b le  s u l p h a t e  was 
f i l t e r e d  o f f ,  and was d r a i n e d  w e l l ,  washed w i t h  e t h a n o l ,  
and d r i e d  f o r  two h o u r s .
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Method B
T his  method was i d e n t i c a l  w i t h  ( l h )  e x c e p t  t h a t  
cae s iu m  s u l p h a t e  was u se d  (6 g . ) .  Y ie ld ,  ll+g. ( 7 2 ° / o ) .  
C a l c u l a t e d  f o r  C s g S O ^ . U ^ S O ^ y l l H  0:  U, 3 5 . 9 6 ;  . ' . '
SO, , 2 9 . 0 2 ° / o ;  S0^/Us 2 .0 0 0 .  Fou n d : 0 ,  3 6 . 0 3 ;
SO^, 2 9 . 2 4 ° / o ;  SO^/tJ, 2 .0 1 1 .
( d) Ammonium U r a n i u m ( I I I )  S u l p h a te  B n n e a h y d ra te
(HHu ) 2so4 .u 2 (sou ) 3 .9H2o
Ammonium s u l p h a t e  (U g .) was d i s s o l v e d  i n  u r a n i u m ( l l l )  
s u l p h a t e  s o l u t i o n  ( 2 0 0 m l . ) ,  o f  t h e  same c o n c e n t r a t i o n  as  
i n  p r e p a r a t i o n  ( l a ) ,  and was c o o le d  i n  i c e ^  E t h a n o l  
(1 0 0m l. )  was added c a r e f u l l y  i n  5ml.  p o r t i o n s  w h i l s t  
t h e  s o l u t i o n  was shaken  v i g o r o u s l y  so  t h a t  t h e  f i n e  
p r e c i p i t a t e  which i n i t i a l l y  s e p a r a t e d  c o m p l e t e l y  
r e d i s s o l v e d .  The s o l u t i o n  was c o o le d  i n  i c e  f o r  15 
m in u te s  w i t h  o c c a s i o n a l  s h a k i n g  to  com ple te  c r y s t a l l i s a t i o n .  
The d a r k ,  o l i v e - g r e e n ,  g l i s t e n i n g  c r y s t a l s  were f i l t e r e d  
o f f ,  d r a i n e d  w e l l ,  washed w i t h  e t h a n o l ,  and d r i e d  
f o r  two to  t h r e e  h o u r s .  Y i e ld  25g» ( 8 3 ° / o ) .
C a l c u l a t e d  f o r  (NH, ) SO .U (SO ) .9H 0:  U, Uh.95;
*4* 2 2 q- ^ 2
SO^, 3 6 . 28O/0 ; SO^/U, 2 .0 0 0 .  Found: U, U5-00;
SO^, 3 6 , 5 5 ° / o ;  SOl{/ t f ,  2 . 0 1 3 .
(k )  H ydraz in ium  U r a n i u m ( l l l )  S u l p h a te  T e t r a h y d r a t e
(n2h5 ) 2so^. u 2 (so^) 3 . i+h2o
H y d ra z in e  s u l p h a t e  NgH^.HSO^ ( 0 . 6 g . ) was d i s s o l v e d  
i n  t h e  minimum volume o f  2R s u l p h u r i c  a c i d  (8 0 m l . )  “by
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g e n t l e  h e a t in g .  The s o l u t i o n  was co o led  to  room 
tem perature and added w ith  v ig o r o u s  sh ak in g  to  s o l i d  
u r a n iu m ( l l l )  su lp h a te  (2 g * ) .  A dark r e d d ish -g r e e n  
s o l u t i o n  was o b ta in ed , hut no s o l i d  formed a t  t h i s  
s t a g e .  E thanol was added to  i n i t i a t e  c r y s t a l l i s a t i o n  
in  the manner p r e v io u s ly  d e sc r ib e d .  The f i n e  dark, 
o l iv e - g r e e n  c r y s t a l s  were f i l t e r e d  o f f ,  dra ined  w e l l ,  
washed w ith  e th a n o l ,  and d r ied  f o r  two to  th ree  hours#  
C a lcu la ted  f o r  ( N ^ ^ S O ^ . U ^ S O ^ y  ifH^O: U, U7#67;
SO^, 3Q-k&°/o; SO^/U, 2 .0 0 0 .  Found: U, U7.U7; 
SO^, 3 7 . 8 8 ° / o ;  SO^/U, I . 9 8 5 .
(1)  F u r t h e r  I n v e s t i g a t i o n s
T h a ll iu m (l)  double su lp h a te s  could  n o t  be prepared  
s in c e  u r a n i u m ( l l l ) , as e x p e c te d ,  r e a d i ly  reduced t h a l l i u m ( l )  
to  th a l l iu m  m e ta l .
U3+ + T1+ = U^+ + T1
Attem pts to  prepare double  su lp h a te s  7/ i t h  
p yrid in ium  and qu ino lin ium  s u lp h a te s  r e s u l t e d  i n  immediate  
o x id a t io n  o f  u r a n iu m ( l l l )  to  u ran iu m (rv ) .
A d d it io n  o f  s o lu t io n s  o f  tetraethylammonium or  
tetrabutylaramonium su lp h a te s  i n  d i l u t e  s u lp h u r ic  a c id  
to  u ran iu m (III )  su lp h a te  gave r ed -g r ee n  s o l u t i o n s  
w ith ou t o x id a t io n .  However, p r e c i p i t a t i o n  w ith  e th a n o l  
gave on ly  uranium ( I I I )  s u lp h a te .
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(m) Chemical  P r o p e r t i e s  o f  th e  Double Su l p h a t e s
The u r a n i u m ( I I I )  d o u b le  s u l p h a t e s  were a l l  w e l l  
d e f i n e d ,  c r y s t a l l i n e  s o l i d s  and were r e l a t i v e l y  s t a b l e  
i n  a i r .  They were ( w i th  th e  e x c e p t i o n  o f  brown 
K_U(SO. ). . fH -0*) d a r k ,  o l i v e - g r e e n  i n  f l u o r e s c e n t  
l i g h t  b u t  brown' i n  w h i t e  ’ t u n g s t e n ’ l i g h t .  They d i s s o l v e d  
i n  111! HC1 t o  g i v e  i n t e n s e  r e d - p u r p l e ‘s o l u t i o n s  which 
were more s t a b l e  t h a n  t h o s e  o f  th e  s im p le  s u l p h a t e s  
i n  th e  same a c i d .  They were o n l y  s p a r i n g l y  s o l u b l e  
i n  d i l u t e  s u l p h u r i c  arid h y d r o c h l o r i c  a c i d s  w i t h  th e  
e x c e p t i o n s  o f  th e  ammonium, 1 :1  p o t a s s i u m ,  and h y d r a z i n iu m  
d ou b le  s u l p h a t e s *  They a l l  r e a c t e d  v i g o r o u s l y  w i t h  
d i l u t e  n i t r i c  a c i d  w i t h  e v o l u t i o n  o f  o x id e s  o f  n i t r o g e n .
The ammonium doub le  s u l p h a t e  was found  t o  d i s s o l v e  
i n  c o n c e n t r a t e d  hydrobrom ic  a c i d  to  g iv e  a r e d  s o l u t i o n  
which was c o n s i d e r a b l y  l e s s  s t a b l e  t h a n  one i n  h y d r o ­
c h l o r i c  a c i d .  The s o l u t i o n  o x i d i s e d  w i t h  g r a d u a l  
p r e c i p i t a t i o n  o f  p a l e  g r e e n  h y d r a t e d  u ran iu m (IV )  s u l p h a t e  
( i n f e r r e d  f rom  th e  i n f r a - r e d  s p e c t r u m ) .  Ho r e d  c o l o u r s  
formed w i t h  p e r c h l o r i c  a c i d .
(n) A n a l y t i c a l  Methods
T o t a l  S u l p h a te  and Uranium
Uranium was d e te rm in e d  g r a v i m e t r i c a l l y  as  th e
o x i n a t e  U0o (CQHr 0H) . C H O H ,  o r  a s  U_0o a f t e r  i g n i t i o n  
2 9 6 y2 9 7 3 8
o f  ammonium d i u r a n a t e  (93)•  S u lp h a te  was d e te r m in e d
as BaSOj ( 9 3 ) .
!*{-
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Procedure:
A tube  o f  t h e  s u l p h a t e  o r  d o ub le  s u l p h a t e  was 
c a r e f u l l y  n o tc h e d  and w eighed .  I t  was b r o k e n ,  t h e  
c o n t e n t s  t i p p e d  ou t  i n t o  a b e a k e r ,  and th e  tu b e  p i e c e s ,  
t o g e t h e r  w i t h  any f r a g m e n t s  o f  g l a s s  which s e p a r a t e d ,  
were re w e ig h e d .  D i l u t e  h y d r o c h l o r i c  a c i d  (5 m l . )  was 
ad d ed ,  and th e  m i x t u r e  h e a t e d  t o  b o i l i n g .  T h is  o x i d i s e d  
t h e  u r a n i u m ( I I I )  t o  u r a n i u m (IV) and gave a g r e e n  s o l u t i o n .  
C o n c e n t r a t e d  n i t r i c  a c i d  was added c a r e f u l l y  d ro p w ise  
u n t i l  a . y e l l o w  s o l u t i o n  o f  u ran iu m (V I)  r e s u l t e d ,  e x c e s s  
o f  n i t r i c  a c i d  was a v o id e d .  The s o l u t i o n  was d i l u t e d  : 
t o  150ml. and a n a l y s e d  i n  th e  u s u a l  way. The u r a n y l  
i o n  was found  n o t  t o  i n t e r f e r e  i n  th e  s u l p h a t e  a n a l y s i s  
a l t h o u g h  u ran iu m ( lV )  v/as r e a d i l y  c o p r e c i p i t a t e d  w i t h  th e  
b a r iu m  s u l p h a t e .  U s in g  th e  ammonium d i u r a n a t e  method 
f o r  u ra n iu m ,  th e  s u l p h a t e  a n a l y s i s  was p e r fo rm ed  on th e  
f i l t r a t e ,  a f t e r  a c i d i f i c a t i o n  w i t h  d i l u t e  h y d r o c h l o r i c  
a c i d .
U r a n i u m ( l I I )  E s t i m a t i o n
U r a n i u m ( I I I )  was e s t i m a t e d  by o x i d a t i o n  w i t h  
p o t a s s i u m  d i c h r o m a t e .  A sample  tu b e  was b r o k e n  i n t o  an  
e x c e s s  o f  a known volume o f  s t a n d a r d  0 . IN p o t a s s i u m  
d ic h r o m a te  c o n t a i n i n g  2U s u l p h u r i c  a c i d .  The amount 
o f  u n r e a c t e d  d i c h r o m a te  was e s t i m a t e d  by b a c k  t i t r a t i o n  
w i t h  s t a n d a r d  0.1N f e r r o u s  ammonium s u l p h a t e  u s i n g  
N - p h e n y l a n t h r a n i l i c  a c i d  as i n d i c a t o r  (93)•
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2. P r e n a r a t  io n s  o f  H y d ra ted  Double C h l o r i d e s  ox Uranium ( I I I )
(a)  ’P u r p l e ’ Ammonium U r a n i u m ( l l l )  C h l o r id e  H y d ra te
m.  UCl. -U-5H 0 k k 2
F i n e l y - g r o u n d  ammonium u r a n i u m ( I I I )  s u l p h a t e  (5g*) 
( s e c t i o n  l j )  was d i s s o l v e d  i n  UN h y d r o c h l o r i c  a c i d  
( 6 0 - 7 0 m l . ) w i t h  s h a k i n g  a t  room t e m p e r a t u r e .  Ammonium 
c h l o r i d e  ( I g . ) was added t o  t h e  d a r k ,  r e d - p u r p l e  s o l u t i o n  
t o  ' s a l t  o u t '  t h e  d o ub le  c h l o r i d e .  The ammonium c h l o r i d e  
d i s s o l v e d  o n ly  w i t h  d i f f i c u l t y  and v ig o r o u s  s h a k i n g  
was r e q u i r e d .  E v e n t u a l l y  an o l i v e - g r e e n  s o l i d  sex>arated .
T h is  was f i r s t  t h o u g h t  t o  he th e  d o ub le  s u l p h a t e  f rom  
i t s  a p p e a r a n c e ,  b u t  i t  i s  now th o u g h t  ( se e  n e x t  s e c t i o n )  
to  be a d o u b le  c h l o r i d e  o f  d i f f e r e n t  c o n s t i t u t i o n  
f ro m  th e  compound d i s c u s s e d  h e r e .  The s o l u t i o n  was 
shaken  f o r  a f u r t h e r  20 m in u te s  t o  e n s u r e  com ple te  
d i s s o l u t i o n  o f  th e  ammonium c h l o r i d e ,  and was l e f t  i n
a r e f r i g e r a t o r  f o r  a b o u t  an h o u r .  A f t e r  t h i s  t ime th e
o l i v e - g r e e n  d o u b le  c h l o r i d e  was i n  m ost  c a s e s  c o m p l e t e l y
c o n v e r t e d  i n t o  t h e  ’p u r p l e 1 d o u b le  c h l o r i d e .  On o c c a s i o n s
a l o n g e r  p e r i o d  o f  s t a n d i n g  ( o v e r - n i g h t )  was r e q u i r e d  
to  c o m p le te  th e  c o n v e r s i o n ;  t h e n  how ever ,  t h e  y i e l d  
was c o n s i d e r a b l y  redu ced  b e c a u s e  o f  o x i d a t i o n .  The 
r e d - p u r p l e  s o l u t i o n s  were b e s t  k e p t  c o ld  (0 ° )  to  m in im is e  
o x i d a t i o n .  The r e d - p u r p l e ,  c r y s t a l l i n e  d o u b le  c h l o r i d e  
was f i l t e r e d  o f f  on a s i n t e r e d  g l a s s  d i s c  (G3). The 
d oub le  c h l o r i d e  was sucked  th o r o u g h ly  t o  remove h y d r o ­
c h l o r i c  a c i d ,  and washed w i t h  c o l d ,  d r y ,  o x y g e n - f r e e
a c e t o n e .  A l th o u g h  a c e to n e  im m e d ia te ly  o x i d i s e d  th e
re d  s o l u t i o n s  o f  the  d o u b le  c h l o r i d e s  i n  c o n c e n t r a t e d
h y d r o c h l o r i c  a c i d ,  t h e  s o l i d  dou b le  c h l o r i d e  was n o t
o x i d i s e d  p r o v i d e d  most o f  th e  a d h e r i n g  s u p e r n a t a n t
l i q u i d  was removed. The uran iu rn ( lV )  i m p u r i t i e s  were ■
s o l u b l e  i n  a c e to n e  and c o n s e q u e n t l y  removed whereas
ammonium u r a n i u m ( I I I )  c h l o r i d e  was i n s o l u b l e  i n  d ry
a c e t o n e .  The d o u b le  c h l o r i d e  was d r i e d  f o r  two to
t h r e e  h o u r s .  Y i e l d  2 *5g* ( 6 0 ° / o ) .  C a l c u l a t e d  f o r
HH. UG1 .5H 0°. U, U8.79 ;  C l ,  29*05°/o; Gl/U, 1+-000. 
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Pounds U, 14-9-18; C l ,  29 -39° / o ;  C l /U ,  i+.OlU.
(b)  9G r e e n ’ Ammonium U r a n i u m ( l I I )  C h l o r id e  H y d r a te
NH, UC1, . ca .6H 0 k k 2
U ra n y l  c h l o r i d e  ( l O g . )  was d i s s o l v e d  i n  N h y d r o ­
c h l o r i c  a c id  (200m l. )  and f i l t e r e d  t o  remove i m p u r i t i e s ,  
( sand  and o x i d e ) .  The c l e a r  y e l l o w  s o l u t i o n  was e l e c t r o '  
r e d u c e d  a t  20 -  30V; 2A. u s i n g  H h y d r o c h l o r i c  a c i d  as  
the  a n o l y t e .  A f t e r  one h o u r  th e  s o l u t i o n  became d a r k  
g r e e n  c h a r a c t e r i s t i c  o f  u r a n i u m ( lV ) ,  and one h o u r  
l a t e r  became r e d - p u r p l e  by t r a n s m i t t e d  l i g h t ,  b u t  d a r k  
g r e e n ,  a lm o s t  b l a c k ,  by  r e f l e c t e d  l i g h t  ( o f .  e l e c t r o ­
r e d u c t i o n  o f  u r a n y l  s u l p h a t e ) .  The m e rc u ry  and p l a t i n u m  
rem ained  b r i g h t  and u n a t t a c k e d  ( c f .  e x p e r im e n t  u s i n g  
11H HC1 s e c t i o n  l e ) .  The c e l l  was c o o le d  i n  i c e ,  and 
th e  e l e c t r o - r e d u c t i o n  c o n t i n u e d  f o r  a f u r t h e r  one to  
two h o u r s .  A f t e r  t h i s  t im e  th e  e l e c t r o - r e d u c t i o n  was
c o n s i d e r e d  t o  "be c o m p le te ,  and t h e  s o l u t i o n  c o n t a i n e d  
a p p r o x i m a t e l y  35g* litre*---*-, o f  u r a n i u m ( l l l )  i
Ammonium c h l o r i d e  ( 6 g . ) v/as d i s s o l v e d  i n  u ra n iu m  ( I  I I )  
c h l o r i d e  s o l u t i o n  ( 1 3 0 m l . ) ,  c o n t a i n e d  i n  a f l a s k  w i t h  
a gas  i n l e t  tube  ( P i g . 2 ) .  The s o l u t i o n  was c o o le d  i n  
a ’D r i k o l d ' - m e t h s .  b a t h  u n t i l  i c e  s e p a r a t e d  and a 
m ix t u r e  o f  hy d ro gen  c h l o r i d e  (f rom a c y l i n d e r ,  p u r i t y  
9 9 . 3 ° / 0 )  and o x y g e n - f r e e  n i t r o g e n  was p a s s e d  th r o u g h  
t h e  s o l u t i o n .  The f l o w  o f  HC1 was r e g u l a t e d  so  as t o  
p r e v e n t  e x c e s s i v e  h e a t i n g  and t h e  f l a s k  was c o o le d  
t h r o u g h o u t ,  c a r e  b e i n g  t a k e n  to  p r e v e n t  t h e  c o n t e n t s  
s o l i d i f y i n g .  The f l a s k  was sh a k en  c o n t i n u o u s l y  by  
hand .  A f t e r  p a s s i n g  HC1 f o r  abou t  hr5 m in u te s  t h e  s o l u t i o n  
was s a t u r a t e d  and an i n t e n s e  r e d - p u r p l e  s o l u t i o n  
r e s u l t e d  which s l o w l y  e v o lv ed  h y d ro g e n .  An o l i v e - g r e e n  
p r e c i p i t a t e  t h e n  s t a r t e d  to  s e p a r a t e  and th e  s o l u t i o n  
became p r o g r e s s i v e l y  p a l e r .
The g r e e n  p r e c i p i t a t e ,  w h i l s t  s t i l l  c o l d ,  was 
f i l t e r e d  o f f  as  r a p i d l y  as p o s s i b l e ,  sucked  w e l l ,  
washed w i t h  a c e t o n e ,  and d r i e d  f o r  t h r e e  h o u r s »
The g r e e n  p r e c i p i t a t e  was d i f f i c u l t  t o  h a n d l e  
s i n c e  on a t t a i n i n g  room t e m p e r a t u r e  most  o f  i t  r e d i s s o l v e d  
w i t h  o x i d a t i o n .  The m a n i p u l a t i o n  was f u r t h e r  c o m p l i c a t e d  
by  th e  f a c t  t h a t  t h e  a p p a r a t u s  was u n d e r  a p o s i t i v e  
p r e s s u r e  o f  HC1 and g a s ,  e x p e l l e d  f rom  th e  s o l u t i o n  
as  the  t e m p e r a t u r e  i n c r e a s e d .  On numerous o c c a s i o n s  
j o i n t s  and t a p s  were f o r c i b l y  s e p a r a t e d  r e s u l t i n g  i n  
com ple te  l o s s  o f  compound. C a l c u l a t e d  f o r  ITH^ UCl^ .5H^0s
U, 1+8.79; C l ,  2 9 . 0 5 ° / o ;  C l /U ,  l+.OOO. Pound: U, U9»33;
C l ,  3 0 . 1 0 ° / o ;  C l /U ,  U.086.
On h e a t i n g  t o  110 to  120° u n d e r  c o n t i n u o u s  pumping
th e  * g r e e n ’ ammonium u r a n i u m ( I I I )  c h l o r i d e  l o s t  w a t e r
and s m a l l  amounts o f  NH^Cl to  g iv e  a ’p u r p l e 4 ammonium
u r a n i u m ( I I I )  c h l o r i d e  which  had a d i f f u s e  r e f l e c t a n c e
s p e c t r u m  i d e n t i c a l  to  t h a t  o f  t h e  compound d e s c r i b e d
i n ' p r e p a r a t i o n  ( 2 a ) .  C a l c u l a t e d  f o r  NH, UC1. *3H 0:* + 4 - 2
U, 52.69,-  C l ,  3 1 . 3 7 ° / o ;  C l /U ,  J+.000. Found: U, 5 2 . 1 3 ;
C l ,  3 1 . 2 0 ° / o ;  C l /U ,  4 . 0 2 0 .
The d i f f u s e  r e f l e c t a n c e  s p e c t r a  f o r  t h e  g r e e n
d o u b le  c h l o r i d e  i n d i c a t e d  t h a t  l i t t l e  o x i d a t i o n  had
o c c u r r e d .  The h i g h  Cl/U r a t i o  was due to  e x c e s s  ammonium
c h l o r i d e  i n  th e  f i n a l  p r o d u c t .  S in c e  th e  ’g r e e n 4 d o u b le
c h l o r i d e  o b v i o u s l y  c o n t a i n e d  more w a te r  t h a n  th e  ' p u r p l e 4
compound th e  d i s c r e p a n c y  was b e s t  a c c o u n te d  f o r  by
c o n s i d e r i n g  th e  ’g r e e n ’ compound to  be  a ‘m i x t u r e ,  t h u s :
(1 -  x)  NH.UCl. .611 0 + xNH Cl '  ij. k- 2
where x r e p r e s e n t s  th e  mole f r a c t i o n  o f  NH^Cl i n  t h e  
m i x t u r e ,  and c a l c u l a t i o n  showed t h i s  to  be  a p p r o x i m a t e l y  
0 .0 5 .
( c ) P o t a s s i u m  U r a n iu m ( I I I )  C h l o r i d e  H y d ra te
KUC1. .U-31I 0 i+ 2
Method A
P o t a s s i u m  u ra n iu m  ( I I I )  s u l p h a t e ,  th e  e q u i m o l e c u l a r
m ix t u r e  3K-S0. .U (SO )_.xH 0 (8g.  ) ( s e c t i o n  I g ) , was 
2 J+ 2 k  3 2
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d i s s o l v e d  w i t h  v i g o r o u s  s h a k in g  i n  UN h y d r o c h l o r i c  
a c i d  ( 1 5 0 m l . ) .  A f t e r  s h a k i n g  f o r  abou t  10 m in u te s  
th e  d o u b le  s u l p h a t e  d i s s o l v e d ,  and th e  p u r p l e  d o u b le  
c h l o r i d e  s e p a r a t e d .  The m ix t u r e  was c o o le d  i n  i c e  
f o r  30 m in u te s  t o  c o m ple te  c r y s t a l l i s a t i o n .  The compound 
was f i l t e r e d  o f f  on a s i n t e r e d  g l a s s  d i s c  and c a u t i o u s l y  
washed w i t h  a s m a l l  volume o f  11N HG1 (5 -  10m l. )  t o  
remove u ran iu m ( lV )  i m p u r i t i e s ,  and f i n a l l y  w i t h  a c e to n e  
a s  p r e v i o u s l y  d e s c r i b e d .  The compound was d r i e d  f o r  
t h r e e  h o u r s .  The d o u b le  c h l o r i d e  was a p p r e c i a b l y  
s o l u b l e  i n  1111 HC1, and much was l o s t  i n  w ash in g .  The 
y i e l d  was s m a l l  1 . 5 g- ( 240 / 0 ) .
Method B
T h is  method was i d e n t i c a l  w i t h  (2b) e x c e p t  t h a t  
u r a n i u m ( I I l )  c h l o r i d e  s o l u t i o n  (1 00 m l. )  and p o t a s s i u m  
c h l o r i d e  (4 g » ) was u s e d .  Only a ’p u r p l e 1 d o u b le  c h l o r i d e  
vs/as o b se rv ed  d u r i n g  th e  p r e p a r a t i o n .
Method C
T his  v/as fo un d  t o  be the  most  s a t i s f a c t o r y  and t o  
g i v e  th e  b e s t  y i e l d .  A m ix tu r e  of  (^0^ ) . ^H^O (6 #4 g*) 
and KC1 ( 3 - 2 g . )  was d i s s o l v e d  i n  UN HC1 (12 0 m l . )  w i t h  
v i g o r o u s  s h a k i n g .  A f i n e ,  r e d - p u r p l e  p r e c i p i t a t e  
s e p a r a t e d ,  and t h i s  was f i l t e r e d  o f f ,  washed w i t h  
a c e t o n e ,  and d r i e d  f o r  t h r e e  h o u r s .  Y ie ld  5g» (73 rj/o )<  
C a l c u l a t e d  f o r  KUC1^.5H 0:  U, 4 6 . 7 7 ;  C l ,  2 7 . 8 5 ° / o ;
C l /U ,  4 .0 0 0 .  Pound: U, 4 7 -3 1 :  C l ,  2 7 .8 4 ° /o $  C l /U ,  3*966 .
(d) 5P u r p l e 5 Rubidium Uranium ( i l l )  C h l o r id e  H y d ra te
RbUCl, .4~5H 0 
4  2
T h is  method was i d e n t i c a l  w i t h  (2a)  e x c e p t  t h a t
f i n e l y - g r o u n d  r u b id iu m  u ran iu m  ( I I I )  s u l p h a t e  ( 3 g O ?
and 11N h y d r o c h l o r i c  a c id  ( 100m l. )  was u s e d .  The
p u r p l e  (sometimes i n i t i a l l y  g r e e n )  dou b le  c h l o r i d e
c r y s t a l l i s e d  w i t h o u t  need f o r  t h e  a d d i t i o n  o f  more
r u b id iu m  c h l o r i d e *  The compound c o u ld  be r e c r y s t a l l i s e d
by d i s s o l v i n g  i t  c o m p l e t e ly  i n  UN h y d r o c h l o r i c  a c i d
and a d d in g  e x c e s s  ru b id iu m  c h l o r i d e .  Y i e ld  2 . 3 6 g.  ( 3 Q ° / o ) .
C a l c u l a t e d  f o r  RbUCl} *5H 0:  U, 1+2.86; Rb, 13 -32 ;
-t 2
C l ,  2 5 .5 2 ° / o ; C l /U ,  4 .0 0 0 .  Pound:  U, 1+3.40; Rb, 13*73;
C l ,  25*47° / o ; C l /U ,  3*941.
( e ) 5Green* Rubidium U r a n i u m ( I I l )  C h lo r id e  H y d r a t e
RbUCl, . ca.6H 0
4  2
T h is  compound was p r e p a r e d  i n  th e  same way as  t h e
1 g r e e n 5 ammonium u r a n i u m ( l l l )  c h l o r i d e  ( s e c t i o n  2b)
u s i n g  u r a n i u m ( l l l )  c h l o r i d e  s o l u t i o n  (1 00 m l. )  and
ru b id iu m  c h l o r i d e  ( 5 g . ) .  C a l c u l a t e d  f o r  RbUCl, *4H 0:
4  2
U, 4 4 . 3 0 ;  C l ,  26 . 3 7 ° / o ;  C l /U ,  4 .0 0 0 .  Pound:  U, 4 4 .6 0 $
C l ,  2 7 • 2 1 ° / o ; C l /U ,  4 .0 9 1 .
As i n  th e  c a se  o f  5g r e e n 5 ammonium u r a n i u i n ( l l l )  
c h l o r i d e ,  th e  a n a l y s e s  a r e  b e s t  i n t e r p r e t e d  as a m i x t u r e :
(1 -  x) RbUCl, .611 0 + xRbCl
4  ?
The mole f r a c t i o n  o f  RbCl was found  t o  be a p p r o x i m a t e l y
0 . 0 8 .  On g e n t l e  h e a t i n g  (80 t o  100°) u n d e r  c o n t i n u o u s
pumping th e  ' g r e e n 5 d o u b le  c h l o r i d e  l o s t  w a t e r  to  
g i v e  a 5p u r p l e '  do ub le  c h l o r i d e ,  which had a r e f l e c t a n c e  
sp e c t r u m  i d e n t i c a l  to  t h a t  o f  th e  compound d e s c r i b e d  
i n  p r e p a r a t i o n  ( 2 d ) .
(f1) 'G r e e n 5 Caesium . .Uranium(III)  C h l o r id e  H y d ra te
T h is  compound was p r e p a r e d  s i m i l a r l y  t o  th e  5g r e e n 5 
ammonium u r a n i u m ( I I I )  c h l o r i d e  ( s e c t i o n  2b) u s i n g  
u r a n i u m ( l l l )  c h l o r i d e  s o l u t i o n  (50m l . ) and caes iu m  
c h l o r i d e  (3g*)* -A l i g h t ,  o l i v e - g r e e n  p r e c i p i t a t e  was 
o b t a i n e d  which  was i d e n t i c a l  i n  a p p e a ra n c e  to  th e  
an a lo g o u s  ammonium and r u b id iu m  compounds. I t  was 
u n s t a b l e  and s t a r t e d  to  o x i d i s e  s l o w l y  a t  w e l l  be low 
0 ° .  On a t t e m p t e d  f i l t r a t i o n  a t  room t e m p e r a t u r e ,  i t  
o x i d i s e d  r a p i d l y  and e x o t h e r m i c a l l y  to  a p a l e  g r e e n  
u ran iu m (IV )  d o u b le  c h l o r i d e .
A t te m p ts  to  i s o l a t e  e i t h e r  a 5g r e e n 5 o r  a ' p u r p l e 5 
cae s iu m  u r a n i u m ( I I I )  c h l o r i d e  f rom  s o l u t i o n s  o f  c a e s iu m  
u r a n i u m ( I I I )  s u l p h a t e  i n  11N h y d r o c h l o r i c  a c i d  were 
u n s u c c e s s f u l .  Only a p a l e  g r e e n  u ran iu m (IV )  d o u b le  
c h l o r i d e  was p r e c i p i t a t e d .  These s o l u t i o n s  were a l s o  
much l e s s  s t a b l e  t h a n  th o s e  o f  t h e  ammonium o r  r u b i d iu m  
u r a n i u m ( I I I )  s u l p h a t e s  i n  t h e  same a c i d .
( g ) A t tem p ts  to  I s o l a t e  H y d ra te d  U r a n i u m ( i l l )  C h l o r i d e  
Me th o d  A
A s o l u t i o n  o f  u r a n i u m ( I I I )  c h l o r i d e  i n  N h y d r o ­
c h l o r i c  a c i d ,  o b t a i n e d  as i n  s e c t i o n  2b, was c o n c e n t r a t e d
u n d e r  c o n t in u o u s  pumping a t  room t e m p e r a t u r e .  U n f o r t u n a t e l y ,  
th e  u r a n i u m ( I I I )  s l o w l y  o x i d i s e d ,  and the  s o l u t i o n  
f r o t h e d  c o n s i d e r a b l y  b e c a u s e  o f  e v o l u t i o n  o f  h y d r o g e n .
B e fo re  d r y n e s s  was r e a c h e d  th e  u r a n i u m ( l l l )  had c o m p l e t e l y  
o x i d i s e d  and the  s o l u t i o n  had become p a l e  green* The 
same r e s u l t  was o b s e rv e d  i f  c o n c e n t r a t e d  h y d r o c h l o r i c  
a c i d  s o l u t i o n s  c o n t a i n i n g  u r a n i u m ( l l l )  Y/ere e v a p o r a t e d ;  
t h e  o x i d a t i o n ,  how ever ,  was more r a p i d .
Method B
C o n s i d e r in g  t h a t  t h e  o x i d a t i o n  m ight  be  l e s s  
r a p i d  i n  a low er  h y d ro g en  i o n  c o n c e n t r a t i o n ,  t h e  e l e c t r o ­
r e d u c t i o n  o f  u r a n y l  c h l o r i d e  was r e p e a t e d  i n  0.3U HC1.
A f t e r  r e d u c t i o n  to  u ran iu m (IV )  v/as c o m p le te ,  some 
h y d r o l y s i s  o c c u r r e d  as  i n d i c a t e d  by  th e  f o r m a t i o n  o f  
a d a r k  g r e e n ,  c lo u d y  s o l u t i o n ,  and a d e c r e a s e  i n  t h e  
e l e c t r o l y t i c  c u r r e n t  (0 . 3A- ) .  As r e d u c t i o n  t o  u r a n i u m ( l l l )  
p r o c e e d e d ,  the  c l o u d i n e s s  d i s a p p e a r e d  and a r e d - g r e e n  
s o l u t i o n  fo rm ed .  A f t e r  e l e c t r o - r e d u c t i o n  f o r  f o u r  
h o u r s ,  h y d r o l y s i s  r e o c c u r r e d ,  and a s m a l l  g u a n t i t y  o f  a 
brown d e p o s i t  s e p a r a t e d  i n  t h e  m e rc u ry .  A sam ple  o f  
th e  s o l u t i o n  was e v a p o r a t e d  to  d r y n e s s  and a g r e e n -  
brown,  c r y s t a l l i n e  s o l i d  r e s u l t e d .  The s o l i d  was d r i e d  
f o r  a f u r t h e r  two h o u r s .
The s o l i d  was n o t  a i r  s e n s i t i v e ,  and gave 110 r e d  
c o l o u r a t i o n  i n  Ills HC1. The r e f l e c t a n c e  s p e c t r u m  
showed o n ly  uranium('IV) s p e c i e s  t o  be  p r e s e n t .  The 
p r o d u c t ,  a l t h o u g h  n o t  a n a l y s e d ,  was p r o b a b l y  h y d r o l y s e d  
u ran iu m (IV )  c h l o r i d e .
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Me th o d  C
A d d i t i o n  o f  o r g a n i c  s o l v e n t s  such  as  e t h a n o l  o r  
a c e to n e  to  u r a n i u m ( I I I )  c h l o r i d e  i n  N HC1 gave no 
p r e c i p i t a t e .  I n  111! HC1 much h e a t  was e v o lv e d ,  and th e  
r e d  s o l u t i o n s  r a p i d l y  o x i d i s e d  w i t h  e v o l u t i o n  o f  h y d ro g e n .  
Method D
A s o l u t i o n  o f  u r a n i u m ( I I I )  c h l o r i d e  ( c o o le d  i n  a 
' D r i k o l d ' - m e t h s . h a t h )  was s a t u r a t e d  w i t h  hy d ro g en  
c h l o r i d e .  An i n t e n s e  r e d - p u r p l e  s o l u t i o n  r e s u l t e d  
which s lo w ly  e v o lv e d  h y d ro g en .  On f r e e z i n g  o n ly  i c e  
s e p a r a t e d .
(h)  R e a c t i o n  Between Uranium Me t a l  and S o l u t i o n s  o f  
Hydrogen C h lo r id e  i n  M ethano l  and E th a n o l
S p e c t r o s c o p i c a l l y  p u re  u ran iu m  m e t a l  rod# s u p p l i e d  
h y  Johnson  and Mathey Co. was added t o  a s o l u t i o n  o f  
h yd ro g en  c h l o r i d e  i n  ' s u p e r  d r y 5 m e th a n o l  ( o r  e t h a n o l )  
c o o le d  i n  a ' D r i k o l d ’- m e t h s . b a t h .  On warming up  to  
room t e m p e r a t u r e ,  th e  m e t a l  r e a c t e d  v i g o r o u s l y  and 
d i s s o l v e d  g i v i n g  a p a l e  g r e e n  u ran iu m ( lV )  s o l u t i o n ,  
b u t  no red  c o l o u r s  were o b s e r v e d .  A s m a l l  g u a n t i t y  o f  
a b l a c k  i n s o l u b l e  r e s i d u e  r e m a in e d .  I f  9 6 ° /o  e t h a n o l  
was employed,  t h e n  on o c c a s i o n s  r e d  c o l o u r s  were obse rved *  
These l a s t e d  f o r  o n ly  a few seco n d s  and th e  f i n a l  
s o l u t i o n  was p a l e  g r e e n .  On a d d i t i o n  o f  z i n c  m e t a l  t o  
the  g r e e n  s o l u t i o n  i t  d i s s o l v e d  s l o w l y ;  how ever ,  t h e  
s o l u t i o n  d id  n o t  change c o l o u r .  On a d d i t i o n  o f  a few
dro ps  o f  w a t e r  t h e  z i n c  d i s s o l v e d  up v e r y  r a p i d l y  and 
t h e  s o l u t i o n  "became r e d .  T h is  c o l o u r  p e r s i s t e d  as 
l o n g  as  th e  z in c  was -p resen t  to  keep  t h e  s o l u t i o n  
r e d u c e d .
( i ) F u r t h e r  I n v e s t i g a t i o n s
Sodium u r a n i u m ( l l l )  s u l p h a t e  ( s e c t i o n  I f )  gave 
red  s o l u t i o n s  i n  11N HC1. On a d d i t i o n  o f  e x c e s s  sodium 
c h l o r i d e  a t  0°  no p r e c i p i t a t e  fo rm ed;  w i t h i n  two h o u r s  
th e  s o l u t i o n  had c o m p l e t e ly  o x i d i s e d .  A d d i t i o n  o f  
e x c e s s  sodium c h l o r i d e  to  a s o l u t i o n  o f  u r a n i u m ( I I l )  
c h l o r i d e ,  co o led  i n  a ' D r i k o l d 5- m e th s .  "bath, f o l lo w e d  
"by s a t u r a t i o n  w i t h  h y d ro g e n  c h l o r i d e  p r e c i p i t a t e d  
o n ly  sodium c h l o r i d e .
S i m i l a r l y ,  th e  r e d  s o l u t i o n s  o f  h y d r a z in iu m  
u r a n i u m ( I I I )  s u l p h a t e  i n  11N HC1 p r e c i p i t a t e d  o n l y  
h y d r a z in iu m  d i h y d r o c h l o r i d e  N^H^-Cl^, e v o lv e d  h y d r o g e n ,  
and s l o w l y  o x i d i s e d .
A d d i t i o n  o f  t e t r ae th y la m m o n iu m  o r  t r i p h e n y l -  
phosphoniurn c h l o r i d e s  t o  s o l u t i o n s  o f  u ran iu m  ( i l l )  
s u l p h a t e  i n  111! HC1 p r e c i p i t a t e d  o n l y  t e t r a e th y la m m o n iu m  
o r  t r ip h e n y lp h o s p h o n iu m  c h l o r i d e s .
( j )  P r o p e r t i e s  o f  th e  Double C h l o r i d e s
The dou b le  c h l o r i d e s  were d e l i q u e s c e n t ,  and r a p i d l y  
o x i d i s e d  on e x p o su re  to  a i r  t o  p a l e  g r e e n  u ran iu m (IV )  
compounds. The ' p u r p l e '  d o u b le  c h l o r i d e s  were s o l u b l e
i n  w a t e r  w i t h o u t  o x i d a t i o n  o r  h y d r o l y s i s ,  t o  g i v e  r e d -  
g r e e n  s o l u t i o n s ,  which were s t a b l e  a t  0° f o r  two t o  
t h r e e  h o u r s  u n d e r  n i t r o g e n  s i n c e  t h e i r  s p e c t r a  changed 
l i t t l e  d u r i n g  t h i s  t im e .  I n  a i r  t h e y  were r a p i d l y  
o x i d i s e d  to  g ive  p a l e  g r e e n  u ran iu m (IV )  s o l u t i o n s  w i t h  
v e r y  d i f f e r e n t  s p e c t r a .  These u ra n iu m ( lV )  s o l u t i o n s  
s l o w l y  h y d r o l y s e d ,  becoming d a rk  g r e e n  and c lo u d y .
'P u r p l e *  ammonium u r a n i u m ( i l l )  c h l o r i d e  was v e r y  
s o l u b l e  i n  b o t h  r e a g e n t  g ra d e  m e th a n o l  and 96°/o 
e t h a n o l  to  g iv e  i n t e n s e  r e d - p u r p l e  s o l u t i o n s  which  were 
s t a b l e  f o r  some h o u rs  when k e p t  c o ld .  M e th ano l  was a 
s a t i s f a c t o r y  s o l v e n t  f o r  s o l u t i o n  s p e c t r a .  The ' p u r p l e '  
p o t a s s i u m  and ru b id iu m  compounds were a l s o  s o l u b l e  i n  t h e  
same s o l v e n t s ,  b u t  were l e s s  s o l u b l e  t h a n  the  ammonium 
compound. The p r e s e n c e  o f  s m a l l  q u a n t i t i e s  o f  w a t e r  i n  
th e  s o l v e n t s  had c o n s i d e r a b l e  e f f e c t  on t h e i r  s o l u b i l i t i e s  
I n  ' s u p e r  d r y ’ m e th an o l  and e t h a n o l  th e  ' p u r p l e '  d o u b le  
c h l o r i d e s  d i s s o l v e d  o n ly  v e r y  s l o w l y .  A s i m i l a r  r e s u l t  
was o b se rv e d  w i t h  a sample  o f  anhydrous  u r a n i u m ( I I l )  
c h l o r i d e  k i n d l y  p r e p a r e d  by  Mr. B . J .  G e l l a t l y .  I t  
was found t o  be  i n s o l u b l e  i n  and u n r e a c t i v e  tow ards  
' s u p e r  d r y ’ e t h a n o l .  Only on a d d i t i o n  o f  t r a c e s  o f  
w a te r  d id  i t  d i s s o l v e  t o  g iv e  a r e d  s o l u t i o n .  T h is  
e v o lv e d  h y d ro g e n  and o x i d i s e d  c o m p l e t e ly  w i t h i n  5 m i n u t e s .
A t te m p ts  to  o b t a i n  th e  anhydrous  d oub le  c h l o r i d e s
b y  th e r m a l  d e h y d r a t i o n  o f  th e  hs^drated ' p u r p l e '  d o u b le
c h l o r i d e s  were u n s u c c e s s f u l .  A sample  o f  RbUCl. -4-5HJ34  2
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showed n e g l i g i b l e  w e igh t  l o s s  on h e a t i n g  a t  160 t o  180° 
f o r  f i v e  h o u r s  u n d e r  c o n t i n u o u s  pumping. At h i g h e r  
t e m p e r a t u r e s  o x i d a t i o n  t o  a p a l e  g r e e n  u ran iu m  (IV) 
p r o d u c t  o c c u r r e d .
(k)  A n a l y t i c a l  Methods
Uranium was e s t i m a t e d  as  i n  s e c t i o n  ( I n ) .  C h l o r in e  
was d e te r m in e d  g r a v l m e t r i c a l l y  as  s i l v e r  c h l o r i d e  (93) • 
Care  had to  he  t a k e n  t o  p r e v e n t  l o s s  o f  c h l o r i n e  i n  
t h e  a n a l y s e s .  Each sample  tu b e  was b ro k e n  i n t o  3N 
n i t r i c  a c i d  ( 1 0 m l . ) ,  d i l u t e d  to  50m l . , and th e  m ix t u r e  
was h e a t e d  to  b o i l i n g  u n t i l  t h e  u ran ium (IV )  had j u s t  
o x i d i s e d  t o  y e l lo w  u r a n iu m ( V I ) .  The s o l u t i o n  was 
d i l u t e d  to  150ml. and a n a l y s e d  i n  t h e  u s u a l  way. The 
u r a n y l  i o n  was found  n o t  t o  i n t e r f e r e ,  b u t  u ran iu m (IV )  
s l o w l y  r e d u c ed  s i l v e r  c h l o r i d e  t o  s i l v e r  m e t a l .  U s in g  
th e  ammonium d i u r a n a t e  method f o r  th e  u ran iu m  a n a l y s i s ,  
c h l o r i n e  was d e te r m in e d  i n  t h e  f i l t r a t e  a f t e r  a c i d i ­
f i c a t i o n  w i t h  d i l u t e  n i t r i c  a c i d .
-  98  -
3• P r e p a r a t i o n s  o f  U r a n i u m ( I I I )  F l u o r i d e ,  C a rb o n a te
and R e l a t e d  Compounds
( a ) H y d ra te d  U r a n i u m ( I I I )  F l u o r i d e  
Method A
To an e x c e s s  o f  2 0° /o  h y d r o f l u o r i c  a c id  (2 0 m l . )  
i n  a waxed v e s s e l ,  u r a n i u m ( I l i )  c h l o r i d e  s o l u t i o n  (30ml*) 
was added w i t h  s h a k i n g .  A d a r k  g r e e n  ( c h o c o l a t e  brown 
i n  w h i te  l i g h t ) ,  g e l a t i n o u s  p r e c i p i t a t e  s e p a r a t e d .
Because  o f  i t s  g e l a t i n o u s  fo rm ,  f i l t r a t i o n  was v e r y  
s lo w .  The h y d r a t e d  u r a n i u m ( I I I )  f l u o r i d e  s l o w l y  o x i d i s e d ,  
even  u n d e r  n i t r o g e n ,  w i t h  e v o l u t i o n  o f  h y d r o g e n ,  and 
b e f o r e  f i l t r a t i o n  was com ple ted  i t  had  o x i d i s e d  t o  
p a l e  g r e e n ,  h y d r a t e d  u ran ium (IV )  f l u o r i d e .
Method B
I n  o r d e r  to  a v o id  th e  v e r y  s low f i l t r a t i o n  th e  
h y d r o f l u o r i c  a c i d  was added to  t h e  u r a n i u m ( I I I )  s u l p h a t e  
s o l u t i o n  i n  a m o d i f i e d  c e n t r i f u g e  v e s s e l  ( F i g . 3 ) -  
A d a rk  g re e n -b ro w n  p r e c i p i t a t e  s e p a r a t e d ,  s i m i l a r  i n  
a p p ea ra n c e  to  t h a t  o b t a i n e d  i n  (A).  The t a p  and j o i n t  
were  removed f rom  th e  v e s s e l  i n  a s t r e a m  o f  n i t r o g e n ,  
and r e p l a c e d  b y  a s t o p p e r  ( t h e  v e s s e l  w i t h  t h e  t a p  was 
t o o  lo n g  t o  f i t  i n  t h e  c e n t r i f u g e ) .  The v e s s e l  was 
c e n t r i f u g e d  a t  lOOOrpm. f o r  5 m in u te s  when a c o m p le te  
s e p a r a t i o n  r e s u l t e d ;  the  s u p e r n a t a n t  l i g u i d  was 
c o l o u r l e s s ,  i n d i c a t i n g  com ple te  p r e c i p i t a t i o n .  The 
g e l a t i n o u s  u r a n i u m ( l l l )  f l u o r i d e  h y d r a t e  was s e p a r a t e d  
f rom  th e  agueous l a y e r  by d e c a n t a t i o n  u n d e r  n i t r o g e n .
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The p r e c i p i t a t e  was washed tw ice  w i t h  o x y g e n - f r e e  
a c e to n e ,  and c e n t r i f u g e d  b e tw ee n  each  w ash in g ,  As 
b e f o r e ,  t h e  compound s l o w l y  o x i d i s e d  v / i th  e v o l u t i o n  
o f  h y d r o g e n ,  and b e f o r e  t h e  m a n i p u l a t i o n s  were com ple ted  
much o x i d a t i o n  had o c c u r r e d .  The g re e n  g e l a t i n o u s  
mass was d r i e d  f o r  s i x  h o u r s  u n d e r  c o n t i n u o u s  pumping.
The r e f l e c t a n c e  sp e c t ru m  showed i t  t o  be a m ix t u r e  o f  
u r a n i u m ( I I I )  and u ran iu m ( lV )  f l u o r i d e  h y d r a t e s  c o n t a i n i n g  
more u ran iu m (IV )  t h a n  u r a n i u m ( l l l ) . R e a s o n a b ly  pu re  
h y d r a t e d  U r a n iu m ( I I I )  f l u o r i d e  c o u ld  p r o b a b l y  be  
o b t a i n e d  i f  the  f r e s h l y - p r e c i p i t a t e d  m a t e r i a l  c o u ld  
be  s e p a r a t e d  q u i c k l y  f rom  th e  s u s p e n s i o n .
R o te  The 2 0 ° / o  h y d r o f l u o r i c  a c i d  caused  o n ly  s l i g h t  
e t c h i n g  o f  g l a s s  a p p a r a t u s .
h y d r a t e d  u r a n i u m ( I I l )  f l u o r i d e  can  a l s o  be 
p r e c i p i t a t e d  from  u r a n i u m ( I I I )  s u l p h a t e  o r  c h l o r i d e  
s o l u t i o n s  by  a d d i t i o n  o f  an aqueous s o l u t i o n  o f  KKF •
(b) U r a n i u m ( I I I )  Carbonat e
.Ammonium u ran ium  ( I I I )  c h l o r i d e  was d i s s o l v e d  i n
o x y g e n - f r e e  d i s t i l l e d  w a t e r ,  and a s o l u t i o n  o f  e x c e s s
RaHCO_ added .  An imm edia te  y e l lo w -b ro w n ,  g e l a t i n o u s  
3
p r e c i p i t a t e  o f  u r a n i u m ( l l l )  c a r b o n a t e  s e p a r a t e d .  On 
f i l t r a t i o n  t h i s  gave a c o l o u r l e s s  f i l t r a t e  i n d i c a t i n g  
t h a t  a l l  the  u ran ium  had b e e n  p r e c i p i t a t e d .  ( I n  
c om par iso n  u ran ium ( lV )  c h l o r i d e  s o l u t i o n  on t r e a t m e n t  
w i t h  e x c e s s  3MaHC0„ gave a p a l e  g r e e n ,  g e l a t i n o u s
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p r c i p i t a t e , and a l s o  a p a l e  g r e e n  f i l t r a t e ) .  The 
u r a n i u m ( I I I )  c a r b o n a t e  was washed w i t h  w a t e r ,  and th e n  
w i t h  a c e t o n e ,  however ,  l i k e  th e  h y d r a t e d  f l u o r i d e ,  i t  
o x i d i s e d  b e f o r e  th e  p r o c e d u r e  c o u ld  be  c o m p le te d .
The y e l lo w -b ro w n  p r e c i p i t a t e  changed t o  p a l e  g r e e n  
im m e d ia te ly  on e x p o su re  t o  a i r .  I t  was i n s o l u b l e  i n  
e x c e s s  K^CO^ s o l u t i o n .  A sample o f  th e  p r e c i p i t a t e  
was d r i e d  u n d e r  c o n t i n u o u s  pumping f o r  t h r e e  h o u r s  
when a p a l e  g r e e n  u ran iu m ( lV )  compound r e m a in e d .  The 
r e f l e c t a n c e  s p e c t ru m  showed no u r a n i u m ( I I l )  t o  be 
p r e s e n t .  'N e v e r t h e l e s s ,  on e x p o su re  t o  a i r  t h e  p a l e  
g r e e n  compound warmed up c o n s i d e r a b l y ,  smoked, and 
o x i d i s e d  to  a y e l lo w -b ro w n  p ro d u c t  ( p o s s i b l y  u ran iu m  
d i o x i d e ) .
A s u s p e n s i o n  o f  th e  y e l lo w -b ro w n  u ran iu m  ( I I I )  
c a r b o n a t e  was d i s s o l v e d  i n  11N HG1 i m m e d ia te ly  a f t e r  
p r e c i p i t a t i o n .  A r e d  s o l u t i o n  r e s u l t e d  and th e  s o l u t i o n  
sp e c t ru m  i n d i c a t e d  much u r a n i u m ( I I I )  to  be  p r e s e n t .
(c)  U r a n i u m ( I I I )  Hydroxide
A d d i t i o n  o f  2N ammonia s o l u t i o n  to  an  aqueous 
s o l u t i o n  o f  ammonium u ran iu m  ( I I I )  c h l o r i d e  gave an 
immedia te  b l a c k - b r o w n  p r e c i p i t a t e  p o s s i b l y  o f  U(0H)
3
( c . f .  L o e b e l )  (8 3  )• T h is  e v o lv e d  h y d r o g e n ,  and w i t h i n  
a few m in u te s  o f  p r e p a r a t i o n  gave a p a l e  g r e e n  o x i d i s e d  
p r o d u c t .  Aqueous s o l u t i o n s  o f  e t h y l e n e d i a m i n e  gave 
t h e  same r e a c t i o n .
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(3)  A t t e m p ts  t o  P r e p a r e  U r a n i u m ( I I I )  O x a l a t e s P h o s p h a te
and A c e t a t e
A d d i t i o n  o f  ammonium o x a l a t e  o r  o x a l i c  a c i d  to  
s o l u t i o n s  o f  u r a n i u m ( I I I )  c h l o r i d e  o r  s u l p h a t e  i n  
d i l u t e  a c id  gave t r a n s i e n t  y e l lo w -b ro w n  c o l o u r a t i o n s  
f o l lo w e d  by  imm edia te  p r e c i p i t a t i o n  o f  v e r y  p a l e  g r e e n ,  
a lm o s t  w h i t e ,  u ran iu m (IV )  o x a l a t e  w i t h  v i g o r o u s  
e v o l u t i o n  o f  h y d ro g e n .
S o l u t i o n s  o f  NaPO, , NaoHP0. and NaH PO, were 3 k 2 1+ 2 k
added i n  t u r n  t o  s o l u t i o n s  o f  u r a n i u m ( I I I )  s u l p h a t e  
i n  2N H^SO^. The u r a n i u m ( I I I )  was i m m e d ia te ly  o x i d i s e d  
t o  g iv e  p a l e  g r e e n  s o l u t i o n s  f rom  which g r e e n  g e l a t i n o u s  
p r e c i p i t a t e s  s l o w l y  s e io a ra te d .
When g l a c i a l  a c e t i c  a c i d  was added to  a s o l u t i o n  
o f  u r a n i u m ( I I I )  s u l p h a t e  i n  2N s u l p h u r i c  a c i d  a g r e e n -  
brown p r e c i p i t a t e  s e p a r a t e d .  The i n f r a - r e d  s p e c t r u m  o f  
th e  d r i e d  compound i n d i c a t e d  o n ly  i o n i c  s u l p h a t e  and 
w a t e r  t o  be p r e s e n t ,  and i t  was co n c lu ded  t h a t  u r a n i u m ( l l l )  
s u l p h a t e  had  b e e n  r e p r e c i p i t a t e d .  U r a n i u m ( l l l )  s u l p h a t e  
was a l s o  i n s o l u b l e  i n  98 -  1 00° /o  f o r m ic  a c i d .
A d d i t i o n  o f  sodium o r  ammonium a c e t a t e s  t o  s o l u t i o n s  
o f  u r a n i u m ( I I I )  c h l o r i d e  o r  s u l p h a t e  i n  d i l u t e  a c i d  
r e s u l t e d  i n  imm edia te  o x i d a t i o n  w i t h  v ig o r o u s  
e v o l u t i o n  o f  hy d ro g en .
(e ) A t te m p ts  t o  I s o l a t e  U r a n i u m ( I I I )  Double  B r o m id e s _
’P u r p l e '  NH^UCl^ when d i s s o l v e d  i n  9N HBr,
gave a red  s o l u t i o n  which was s t a b l e  f o r  a t  l e a s t  2k h o u r s
-  1 0 2  -
a t  0 ° .  A d d i t i o n  o f  NaBr35, NH^Br*, o r  CsBr i n  e x c e s s  
gave  no p r e c i p i t a t e ,  even on c o o l i n g  f o r  lo n g  p e r i o d s .
The s o l u t i o n  s p e c t r a  o f  t h e s e  r ed -b ro w n  s o l u t i o n s  (a 
d i f f e r e n t  r ed  f rom th o s e  i n  11N HC1) showed no b ro a d  
i n t e n s e  band a t  1 8 , 0 0 0 c m . v d i e r e  th e  d o u b le  c h l o r i d e s  
a b s o r b .  I n  o r d e r  to  o b t a i n  b rom ide  complexes much 
h i g h e r  b rom ide  i o n  c o n c e n t r a t i o n s  a p p e a r  t o  be  n e c e s s a r y .  
T h is  i s  e x p e r i m e n t a l l y  d i f f i c u l t  b e c a u s e  o f  th e  l i m i t e d  
s o l u b i l i t i e s  o f  t h e  a l k a l i  m e t a l  b ro m ides  i n  9N HBr.
2? These e x p e r im e n t s  were k i n d l y  p e r fo rm e d  by  
Mr. B . J .  G e l l a t l y .
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CHAPTER U
MAGNETIC PROPERTIES OF HYDRATED URANIUM ( I I P  COMPOUNDS
-  XOlj- -
1. M agne t ic  P r o p e r t i e s  o f  th e  A c t i n i d e s  and L a n t h a n i d e s  
The m u l t i p l e t  w id th s  f o r  t h e  l a n t h a n i d e s  ( w i t h  t h e  
e x c e p t i o n s  o f  Eu3+ and Sm^+ ) a r e  l a r g e  compared w i t h  
kT (kT 2 0 0 c m . a t  room t e m p e r a t u r e ) ,  and t h e i r  
m a g n e t i c  moments (202) s h o u ld  he  g iv e n  by  e q u a t i o n  ( l ) :
jX — £j^/j ( J  + 1 ) '  B.M. . . . . . . . . ( I )
where g = 3 + S ( S + l ) -  L(L + 1)
2 2 J ( J  + 1)
Because  o f  th e  e f f e c t i v e  s h i e l d i n g  o f  t h e  Uf 
e l e c t r o n s  by  o v e r l y i n g  s and p e l e c t r o n s ,  t h e r e  i s  
l i t t l e  i n t e r a c t i o n  b e tw e e n  th e  u n p a i r e d  e l e c t r o n s  on  
n e i g h b o u r i n g  l a n t h a n i d e  io n s  i n  t h e  o x id e s  o r  e l e m e n t s  
th e m s e lv e s  where th e  i o n s  o r  atoms a r e  c l o s e s t .  They 
a r e  t h u s  e x p e c te d  t o  behave  a n a l o g o u s l y  t o  f r e e  g a s e o u s  
i o n s .  A l th o u g h  l i g a n d  f i e l d  e f f e c t s  a re  s m a l l  f o r  t h e  
l a n t h a n i d e s ,  t h e y  do have  th e  e f f e c t  o f  s p l i t t i n g  t h e  
i n d i v i d u a l  J  l e v e l s  i n t o  components s e p a r a t e d  by  a b o u t  
1 0 0 c m . T h e s e  s p l i t t i n g s  a r e  s m a l l  compared t o  t h e  
s e p a r a t i o n  o f  t h e  J  l e v e l s  p roduced  by  s p i n - o r b i t  
c o u p l i n g ,  b u t  t h e y  a r e  a p p r e c i a b l e  compared w i t h  kT.
The l a n t h a n i d e  i o n s  th u s  e x h i b i t  t e m p e r a t u r e - d e p e n d e n t  
moments,  g e n e r a l l y  o be y in g  t h e  C u r ie -W e is s  law ,  b u t  
o f t e n  w i t h  a p p r e c i a b l e  v a l u e s  o f  0. The complex s p a t i a l  
d i s t r i b u t i o n  o f  t h e  f  o r b i t a l s  makes d e t a i l e d  t h e o r e t i c a l  
i n t e r p r e t a t i o n s  d i f f i c u l t .
N eo d y m iu m ( l l l )  ^ 9 /2  'be exPe c t e d  t o
have  a t e m p e r a t u r e - i n d e p e n d e n t  moment o f  3 -6 2  B.M.
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TABLE k
M agnet ic  Moments f o r  Some H e o d y m iu m ( l l l ) , Uranium ( I I I )  
and Uranium(IV) Compounds
Compound jJ. B.M. 
a t  90°K
y- b .m.
a t  3 0 0 °K
4<s b . m.
«
 
CD 
O
K ef .  .
m 2(soh)y m 2o 3-09 3 -58 3 .8 4 45 (203)
Nd2 (so4 ) 3 3 .0 3 3.U 7 3-71 42 (203)
NdP,5
3 .0 1 3 .4 5 3 .77 56 (203)
m 2o3 3 .1 8 3 -5 3 3 .8 6 59 (203)
i j a ( c i o ^ ) 3 2 .98 3*49 3 .7 6 48 (203)
Nd(N03 ) 2. 96 3-47 3-75 49 (203)
Nd(cpd) 2 .69 3 .1 8 3.-63 72 (204)
Kd(HC02 )
N d (p h e n )2 (N03) 3
Nd(phen) (SCH)
3 3
2.96 3-35
3 -4 4
3 -5 4
3 . 6 4 54 (79)
(172)
(172)
UP3 2 .7 6 3 .1 5 3 .6 7 110 (212)
UC1,3 2.57
3*26 3-76 99 (213)
UC173 2.55 2 .8 9 3-03 29 (210)
3 2 .8 9 3 .4 0 3 . 2 9 -2 5 (210)
UI
3 2 .99
3 -3 2 3 -3 1 - 5 (210)
u (hco2 ) 3 2 .5 0 3 .1 1 3-56 90 (79)
UP.k 2 .1 8 2 .77 3- 28 116 (210)
UCl,k 2.55 3 . 0 4 3 . 2 9 62 (210)
UBr,h 2 .67 2 .9 6 3 . 1 2 35 (210)
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T A B L E  l + ( C o n t d . )
Compound j X  B.M. 
a t  90°K
|  j X  B.M. 
a t  300°K
j  iUs B.K. 0
°K
1
|  E e f .  i
j . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  j
' u ( h - ° 2 ) , ,
2 .1 9 2.U0 2. 98 .  I k (79)
ju(SO ) 2 . 3 .2 6 H 20 2 .3 2 3*02
1
3 . 5 2 113 :  ( i i + i )
U (a ca c ) 2 .23 2 .7 8 3 .2 1 101 (11+1)
U(C20i, ) 2 ..5H20 1 .93 3 . 0 2 3 .7 5 168 (11+1)
K, U(NCS) 2 .19 2 .7 2 3 .2 6 119 (181+)
Cs 2U(N03 )6 1. 92 2 . 1+2 3 .1 6 226 (181+)
(E t4K)2u(iro3 ) 6 1 .88 2 . 1+3 3 .0 7 192 (181+)
CSgUClg 3.1+5 (166)
(Ke^K)2UCl6 3-59 (166)
UC1, -3DMS04 1 .7 2 2.1+1 3.1+3 270 (185)
UBr, .6BMS0 
i  U
2.36 2 .8 8
’
3 .5 0 I k o (185)
UBr, .2HMPA
. k
1 .3 6 2.1+1 1+.33 675 (185)
UCl, .1.5TMMA 
4^- 1*7U 2.1+3
3.61+. 368 (186)
UCl. .HMMA
4
1 .31 2 .1 8 (186)
UCl^. 1.5TMG.A 1 .7 8 2.1+1 3.11+ 218
]
(186)
UCl, .1.5HMGA
4
1 .88 2 .5 2 3 .5 1 21+8 i (186)
UCl^.2.5DMA l.Ii-7 2 .5 5 8O0 Ii (181+)
UCl. . 1+NMA 
1+ 1 .5 2 2 .7 6
i
i
j
(181+)
U(K03 ). . 2 '5  DMA 2.37 2 .7 9 3.1+7 165 (181+)
U(SON) .i+DMA •2.28 2 .9 6
0
0
-
4 126 (181+)
U(C10, )k .6DMA.3K„0
4  4  < -
!
2.36 3 .0 3 3 .2 6 1 2 6 j
i
(181+)
V alues  a r e  c a l c u l a t e d  f rom U = 2 . 8 4  + e)
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The e x p e r i m e n t a l l y  o b se rv e d  moments f o r  a number o f
n e o d y m iu m ( l l l )  compounds ( se e  T ab le  4)  a r e  l e s s  t h a n
t h e  f r e e  io n  v a lu e  and d e c r e a s e  c o n s i d e r a b l y  w i t h
t e m p e r a t u r e ,  a p p r e c i a b l e  C u r ie -W eis s  c o n s t a n t s  (0 = 40°
t o  50°)  a r e  o b s e r v e d .  The p h e n a n t h r o l i n e  complexes
(172) Nd (phen)  (NO ) and Nd(phenWSGET) , l i k e  th e  
2 x 3 3 3
s u l p h a t e  and o x i d e ,  have  room t e m p e r a t u r e  m a g n e t i c
moments (3*4 -  3*5 B.M.)  which a r e  o n l y  s l i g h t l y  l e s s
t h a n  th e  f r e e  i o n  v a l u e .  The c y c l p p e n t a d i e n i d e  (204)
ITd(cpd) , how ever ,  h a s  a moment a t  room t e m p e r a t u r e  
3
which i s  c o n s i d e r a b l y  lo w er  (3*18 B.M.)  t h a n  t h o s e
o b s e r v e d  f o r  t h e  p h e n a n t h r o l i n e  com plexes .  The l a r g e r
d e v i a t i o n  i n  t h e  c ase  o f  Hd(cpd)  i s  c o n s i d e r e d  to  be
3
due t o  t h e  compound n o t  b e i n g  m a g n e t i c a l l y  d i l u t e  and 
© h a s  b e e n  i n t e r p r e t e d  (172) i n  te rm s o f  a n t i f e r r o ­
m a g n e t i c  i n t e r a c t i o n s  be tw een  n e i g h b o u r i n g  io n s  r a t h e r  
t h a n  l i g a n d ' f i e l d  e f f e c t s .
C e r t a i n  compounds o f  h e a v i e r  l a n t h a n i d e s ,  how ever ,  
a p p e a r  to  obey th e  C u r ie -W e is s  law w i t h  s m a l l  o r  z e r o  
v a l u e s  o f  0 ;  t h i s  i s  i l l u s t r a t e d  by  th e  s u l p h a t e s  ( 2 0 3 ) 
(206) (207) and c y c l o p e n t a d i e n i d e s  ( 2 0 4 ) f o r  ex am p le :  
Gd2 (S0u ) 3 .8H2 0 ,  0 = 2 0 ; Er2 (S0u ) 3 .8H20 ,  0 = 2 ° ;
Tm2 (SO^)^. 8H20 ,  0 = 6 ° ;  G d ( c p d ) y  0 = 0 ° ;  DyCcpd)^,
© = 13° and E r ( c p d ) 3 ? 0 = 17° .  The e x p e r i m e n t a l l y  
o b se rv e d  moments a r e  t h u s  a lm o s t  i n d e p e n d e n t  o f  
t e m p e r a t u r e  and i n  good ag reem en t  w i t h  t h o s e  c a l c u l a t e d  
u s i n g  e g u a t i o n  ( 1 ) .  G a d o l i n i u m ( I I I )  i n  most  o f  i t s
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compounds e x h i b i t s  t h i s  ’ i d e a l ’ b e h a v i o u r .
L ike  th e  l a n t h a n i d e s  th e  m u l t i p l e !  w id th s  f o r  th e  
a c t i n i d e s  ( w i t h  th e  e x c e p t i o n s  o f  Pu^+ and Am?+) a r e  
much g r e a t e r  t h a n  kT. The l i g h t e r  a c t i n i d e s  show s i m i l a r  
b e h a v i o u r  t o  t h e  l a n t h a n i d e s ,  and t h e  o b se rv e d  moments 
a r e  a p p r e c i a b l y  lower  t h a n  th o s e  c a l c u l a t e d  u s i n g  
e q u a t i o n  ( l ) .  L a rg e  0 v a l u e s  (73>100°)  a r e  e x t r e m e l y  
common and c o m p l i c a te d  t e m p e r a t u r e  v a r i a t i o n  o f  t h e  
moment i s  fo u n d .  I t  i s  n o t  a t  a l l  c l e a r  e i t h e r  i n  t h e  
c a s e  o f  t h e  a c t i n i d e s  o r  l a n t h a n i d e s ,  w h e th e r  @ owes 
i t s  o r i g i n  t o  a n t i f e r r o m a g n e t i c  i n t e r a c t i o n s  o r  l i g a n d  
f i e l d  e f f e c t s .  Because  o f  t h e  g r e a t e r  s p a t i a l  e x t e n s i o n  
o f  th e  o r b i t a l s  compared w i t h  th e  kf  o r b i t a l s ,  l i g a n d  
f i e l d  e f f e c t s  would be e x p e c te d  to  be more p ro n ou n ced  
i n  th e  a c t i n i d e s .
Very  l i t t l e  m ag n e t ic  d a t a  a r e  a v a i l a b l e  f o r  th e  
h e a v i e r  a c t i n i d e s  and i t  i s  d i f f i c u l t  t o  draw d e f i n i t e  
c o n c l u s i o n s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  c u r i u m ( l l l )  
compounds (6)  (208)  a p p e a r  t o  have  moments a t  room 
t e m p e r a t u r e  i n  good ag reem en t  w i t h  t h o s e  e x p e c t e d  f o r  
an s t a t e .  The m a g n e t i c  b e h a v i o u r  o f  •
c u r i u m ( I I I )  i s  e n t i r e l y  a n a lo g o u s  to  g a d o l i n i u m ( l l l )  
i n  t h i s  r e s p e c t .
M ag n e t ic  m easurements  have b e e n  made on a l a r g e  
number o f  u ran iu m ( lV )  compounds such  as t h e  o x id e  (209)?  
anhydrous  h a l i d e s  ( 2 1 0 ) ,  s u l p h a t e ,  o x a l a t e  (141)?  and 
complexes w i t h  c h l o r i d e  ( 1 6 6 ) ,  n i t r a t e  (184)?  a c e t y l -  
a c e t o n a t e  (141)? d i m e t h y la c e t a m id e  (184)? d i m e t h y l -
oCO
CO
VO
CO
o
CO
C\JI—i
-  1 1 0  -
s u l p h o x i d e  (185)* h e xam ethyIphosphoram ide  (185)* 
d i c a r b o x y l i c  a c id  amides (186) and i s o t h i o c y a n a t e  (181+) • 
The m a g n e t i c  p r o p e r t i e s  o f  u ra n iu m ( lV )  compounds have  
b e e n  i n t e r p r e t e d  (12+1) i n  te rm s  o f 5 £ 2 and 6 d 2 
c o n f i g u r a t i o n s .  The e x p e r i m e n t a l l y - o b s e r v e d  moments 
f o r  t h e s e  compounds (T ab le  1+) l i e  i n  th e  rang e  2 .2  t o  
3 - 0  B.M. a t  room t e m p e r a t u r e  which ,  a l t h o u g h  c l o s e r  
t o  th e  6 d 2 , s p i n - o n l y  v a lu e  o f  2 .8  B.M. t h a n  t o  
th e  5 f 2 ? v a l u e s  o f  3*38 B.M. (L -  S c o u p l i n g )  o r  
3 . 8 1  B.M. ( j j  c o u p l i n g ) ,  a r e  b e s t  i n t e r p r e t e d  i n  t e rm s
p
o f  a 5 f  c o n f i g u r a t i o n .  T h is  i s  more i n  k e e p i n g  w i t h  t h e
s p e c t r o s c o p i c  e v id e n c e  (211) where th e  s h a r p  ban ds
p r e s e n t  i n  th e  u ra n iu m ( lV )  s p e c t ru m  a r e  a s s i g n e d  t o
t r a n s i t i o n s  w i t h i n  t h e  f  s h e l l s  r a t h e r  t h a n  t o  b r o a d
d - d  t r a n s i t i o n s .
The few compounds o f  u r a n i u m ( I I I )  i n v e s t i g a t e d
m a g n e t i c a l l y  (Tab le  4)  a r e  UP ,^ ( 2 1 2 ) ,  UCl (210) .  (213)*-> j
UBr3 ( 2 1 0 ) ,  UI (210) (2110 ,  UH3 (215)* U2S3 ( 2 1 6 ) ;
and r e c e n t l y  U(HC02 ) 3 ( 7 9 ) .
The m a g n e t i c  p r o p e r t i e s  o f  u r a n i u m ( l l l )  compounds
have  b een  i n t e r p r e t e d  i n  te rm s  o f  b o t h  5 f ^  (213)  and
5 f 2 6d^ (210) c o n f i g u r a t i o n s .  D i l u t e  s o l i d  s o l u t i o n s
o f  UC17 i n  i so m orph o us ,  d i a m a g n e t i c  I.aCl_ h ave  s i m i l a r  3 ~ 3
m a g n e t i c  b e h a v i o u r  t o  N d ( S tS 0 ^ ) 3 .9H20 (217)  and H a n d le r  
and H u t c h i s o n  (209) c o n c lud ed  t h a t  had  a 5 f ^
c o n f i g u r a t i o n .  On th e  o t h e r  hand ,  Dawson (205) 
c o n s i d e r e d  t h a t  t h e  m a g n e t i c  p r o p e r t i e s  o f  UC13 , U B r ^
■fr'iff. o
- 2 . 90 . 8
/  -
100100 0 200 300
T e m p e ra tu re  (°K)
T em p era tu re  (°K)
2.U-
100
r-i
- 2.70 . 8-
2.5
100 1000 200 300
I t
k k
110
1-1
-2 .7
100 0 100 200 300
/€-
Temperature (°K)
-  1 1 2  -
and UI_ were "best i n t e r p r e t e d  i n  te rm s o f  a 5 f 2 Sd-1- 
3
c o n f i g u r a t i o n .  The l o w e s t - l y i n g  s t a t e s  f o r  u r a n i u m ( l l l )
a re  5 f 3 , ^ 9/ 2 ( M  = 3 ,6 2  ana 5 f2  6 d l ’ ^ 1 1 / 2
( j~l = 1+.60 B.M .) r e s p e c t i v e l y .  I f  th e  o r b i t a l  moment
o f  the  6d e l e c t r o n  i s  quenched th e n  a f u r t h e r  low l y in g  
s t a t e  ^7^/2 ~ B.Ivl.) i s  p o s s i b l e .  I t  m ust be
em phasised  t h a t  n e i t h e r  o f  t h e  two c o n f i g u r a t i o n s  a lo n e  
s a t i s f a c t o r i l y  a c c o u n ts  f o r  th e  low moments o b se rv e d  
a t  room te m p e r a tu r e ,  n o r  f o r  th e  c o m p l ic a te d  t e m p e r a tu re  
v a r i a t i o n  o f  th e  moment a t  lo w er  t e m p e r a tu r e s .  
S p e c t r o s c o p ic  d a ta  (2 1 8 ) ,  how ever, a r e  b e s t  i n t e r p r e t e d  
i n  term s o f  th e  5 f ^ ,  ^ 9 / 2  grounc3 s ’fca’t:e* l e v e l s  
a r i s i n g  from  th e  5 f^  6d^ c o n f i g u r a t i o n  b e in g  e x c i t e d  
s t a t e s  to  w hich  t r a n s i t i o n s  a r e  ob se rv ed  i n  th e  u l t r a ­
v i o l e t  p a r t  o f  th e  sp e c t ru m .
B oth  u ra n iu m (lV )  and u r a n i u r n ( I I l )  compounds obey 
th e  C u r ie -W eiss  law a t  h i g h e r  t e m p e r a t u r e s ,  h o w ev er ,  
d e v i a t i o n s  a re  o b se rv e d  a t  low er te m p e r a tu re s  and l a r g e  
9 v a lu e s  ( g r e a t e r  th a n  100°) a r e  e x t r e m e ly  common e . g .
JJFy Q = 110° 1 UCl^. 2.5BMA, © = 8 00 °;  and U (S 0 ^ )2 . 3 - 26H20, 
Q = 113°. Some w orkers  i n c o r p o r a t e  9 i n  c a l c u l a t i n g  
th e  m a g n e tic  moment u s i n g :  = 2 . 8i4. ^ / y ^ T  + 9 )  '.
W hether such  v a lu e s  o f  a r e  m e a n in g fu l  i s  open  to  
q u e s t i o n .  F u r t h e r ,  some w ork e rs  do n o t  make i t  c l e a r  
as  t o  w h e th e r  9 has  b e en  u se d  i n  th e  c a l c u l a t i o n  o f  th e  
moment g iv e n ,  and i n e v i t a b l e  c o n f u s io n  h as  a r i s e n .
U r a n iu m ( I I I )  c h l o r i d e  i s  r e p o r t e d  (213) to  have  an
100
0 . 8-
100 1000 200 30  0
Tem pera t u r e  ( °K)
. 3 .1
■ 2 .9
- 2 . 7
£
2 . 1+-
1 . 6 -
0 . 8 -
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0 100 200 300
a
Temperature (°K)
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a n t i f e r r o m a g n e t i c  t r a n s i t i o n  a t  23°K, a l th o u g h  no su ch  
t r a n s i t i o n  i s  o b se rv ed  f o r  UF-  ^ (212) w hich , i f  a n y th in g ,  
becomes f e r r o m a g n e t i c  a t  low t e m p e r a t u r e s .  The m e a su re ­
m ents o f  Dawson (210) a re  s u f f i c i e n t l y  d i f f e r e n t  from  
th o s e  o f  H a n d le r  and H u tc h is o n  i n  th e  c a se  o f  UC1V to  
w a r ra n t  f u r t h e r  i n v e s t i g a t i o n .  The b rom id e  and i o d id e  
a r e  u n u s u a l  i n  e x h i b i t i n g  n e g a t i v e  0 v a lu e s  ( i . e .  
p o s i t i v e  i n t e r c e p t s  on th e  t e m p e r a tu re  a x i s ) .
2. M ag ne tic  I n v e s t i g a t i o n s  o f  U r a n iu m ( l l l )  and 
U ranium (IV ) Compounds
The v a r i a t i o n  o f  th e  a to m ic  s u s c e p t i b i l i t i e s , * X A , 
i n  th e  t e m p e r a tu re  r a n g e  300  t o  87°K, t o g e t h e r  w i th  
e f f e c t i v e  m a g n e tic  moments, jX , f o r  th e  u r a n i u m ( l l l )  
and u ran iu m (IV )  s u l p h a t e  h y d r a t e s ,  u r a n i u m ( I I l )  d o u b le  
s u l p h a t e s  and d o u b le  c h l o r i d e s  a re  g iv e n  i n  T a b le s  5 to  
1U.
F ig .  3 shows th e  v a r i a t i o n  o f  th e  r e c i p r o c a l  
s u s c e p t i b i l i t y  w i th  te m p e r a tu re  f o r  ^ ( S O ^ ) ^ .8 H ^ 0 ,  
U (S 0 ^ )o .8H20 and U (S 0^)2 .liH20. The v a lu e s  o b t a in e d  
f o r  U(SO^)g.UHgO a re  c lo s e  to  th o s e  p r e v i o u s l y  r e p o r t e d  
f o r  U(SO^) 2 « 3* 26H^O (1 4 1 ) .  Ho m a g n e t ic  d a t a  have  b e e n  
p r e v i o u s l y  r e p o r t e d  f o r  U (S 0^)2 *8H20. The v a lu e  o f  th e  
moment f o r  t h i s  compound a t  room te m p e r a tu re  i s  s l i g h t l y  
lo w e r  ( j £  = 2 .9 9 )  th a n  t h a t  f o r  th e  t e t r a h y d r a t e  = 
3 .0 3 )  and a l a r g e  9 v a lu e  (138°)  i s  o b se rv e d .  The 
f r e e  u r a n i u m ( I I I )  io n  5 f3  would be e x p e c te d  to  h a v e  a
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TABLE 5
)
M agnetic  M easurem ents f o r  th e  U ra n iu m ( I I I )  S u lp h a te  H y d ra te s
T°(K) i o 6 ^ a 1 0-2  X ' 1 jU (B.M .) /L . . _ _ _ .....  . .1
0 2 (SOj+) 3 .8H2O i 1 1D iam ag n e tic  c o r r e c t i o n  = -1 5 8  x
1 \
3 0 1 .5 4 ,2 5 8 2-349 3 . 2 2
2 6 6 .6 4 ,7 3 7 2 . I l l 3 .1 9
2 2 9-6 5 , 2 0 8 1 . 9 2 0 3 . 1 1
19U.i| 5 ,8 9 5 1 .697 3 -0 4
157 .5 6 ,7 9 8 1 .471 2 .9 4
1 2 0 . 0 8 ,1 7 1 1 .2 2 4 2 . 8 1
110.14 8 , 7 6 1 1 .1 4 2 2 .7 9
99-8 9 , 2 8 2 1 . 0 7 8 2 .7 3
95-2 9 ,6 4 4 1 .037 2 - 7 2
87-3 1 0 ,1 6 0 0 . 9 8 0 4 2 .6 7
U2 {S0l4) 3 ' 2H20
Dism iagne tic  corre
t
s c t i o n  = - 1 1 9  x
289-7 4 , 2 6 3 2 .3 4 5 3 .1 6
266 .5 4 ,5 5 6 2 .1 9 5 3 .1 3
2 3 0 .0 5 ,0 9 6 1 . 9 6 3
COO
19i+-7 5 ,7 9 8 1 .7 2 5 3 .0 2
157 .5 6 ,7 8 7 1 .4 7 5 2 .9 4
1 2 0 .0 8 ,225 1 . 2 1 5 2 .8 2
10 9 .3 8 ,7 7 3 1 . 1 4 0 2 .7 8
9 9 .0 9,415 1 . 0 6 2 2 . 7 4
8 8 .6 10 ,1 3 9 0 . 9 8 6 5 2 . 6 9
Atomic s u s c e p t i b i l i t i e s  and d ia m a g n e t ic  c o r r e c t i o n s  
i n  e . g . s .  u n i t s  th r o u g h o u t .
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TABLS 6
M a g n e t ic  M easurem en ts  f o r  t h e  U ra n iu m (lV ) S u lp h a t e  h y d r a t e s
T°(K) 106 X a K T 2 V  1 A a i. . . . . . . . . . . . .  .1
y U (B .M .)
v(sok)2.W 2o j D ia m a g n e t ic  c o r r e c t i o i1 1 = -1 7 2  x 1076
3 0 1 .3 j 3 , 7 7 1 2 . 6 5 2 3 .0 3
295-0 3 , 8 6 2 2 . 5 9 0 3 .0 3
26 5 .1 4 , 1 3 1 2 .4 2 0 2<91
2 2 9 .0 4 , 6 3 1 2 . 1 6 0 2 .9 2
194 .5 5 , 1 3 9 1 .946 2 .8 4
1 5 7 .0 5 ,8 2 8 1 .71 6 2 .7 2
1 1 9 .2 6 ,8 1 8 1 .4 68 2 .5 6
8 7 .1 7 ,9 3 1 1 . 2 6 1 ' 2 .3 6
u ( sou ) 2 .8 h2o
: 1 fi
D ia m a g n e t ic  c o r r e c t i o n  = -2 2 4  x 10“
1 i
3 0 1 . 1 3 ,6 9 1 2 . 7 0 9 2 .9 9
26 5 .2 4 , 0 1 0 2 .4 9 4 ; 2 .9 3
230 .0 4 ,3 4 3 2 . 3 0 2 2 .8 4
193 .5 4 ,7 8 4 2 . 0 9 0 2 .7 3|
157 .5 5 ,3 3 0 1 .876 1 2 .6 0
118 .5 6 , 0 9 5 1 .6 4 1 2 .4 1
8 7 .0 6 ,8 7 4 1 .455 2 .2 0
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TABLE 7
M ag n e tic  M easurem ents f o r  th e  U r a n iu m ( I I I )  Double S u lp h a te s  
T°(K)
i r
Na2S0i | ’ U2^S0h ^ 3 ‘ '^H20 ^ amaSn e ‘*‘i c c o r r e c t i o n  = -1 5 9  x 10~c
291 .8 4 ,4 3 6 2,25b 3 .2 3  |
2 6 6 .1 4 ,7 5 2 2 .1 0 4 3 .1 9
229.5 5 ,2 9 3 1 .8 8 9 3 .1 3
19U-5 5 ,9 7 0 1 .6 7 5 3 .0 6
15 8 .1 6,88b 1 .4 5 1 2 . 9 6
12 0 .1 8 ,3 0 0 1 . 2 0 5 2 .8 3
110 .3 8 ,8 2 3 1 .1 3 3 2 .8 0
9 9 .0 9 ,5 3 0 1 .0 4 9 2 .7 6
9 3 .0 10 ,00 0 1 .000 2.74-
87-3 1 0 ,5 2 9 0 .949 7 2.12
i
K2S0^.U 2 (S0 )^ .1 0 H 20 Diamag• n e t ic  c o r r e c t : .on = - 2 0 6  x 10"^
3 0 1 .0 3 ,8 2 0 2 .6 1 8 3 .0 5
2 6 6 .2
.
4 ,  202 2 .380 3 .0 0
„229-8 b,6l8 2 .1 3 7 2.3b
194-0 5 ,2 3 5 1-914 2 .8 6
157. k 6 ,0 7 1 1 .6 4 7 2 .7 8
1 1 9 .0 7 ,2 5 9 1 .377 2. &b
109.7 7 ,6 0 0 1 .3 1 6 2 . 5 9
99 .2 8 ,1 4 7 1 .227 2 .5 3
85 .5 9 ,1 0 8 1 .0 9 8
i 1
2 . 5 1
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TABLU 8
M agne tic  M easurem ents f o r  th e  U r a n iu m ( I I I )  Double S u lp h a te s
T°(K) ld5X A i c r 2 Y - i
r------—... . — ■
/  Q
V (S04 )u * ,h 2<
!
5’ D iam ag n e tic  c o r r e c t j
r
.on = - 2 9 4  x 10
3 0 1 . 2 4 , 0 0 8 2.495 3 . 1 2
2 6 6 .5 4 ,3 8 1 2 . 282 3 .0 7
2 2 8 .8 4 ,8 3 6 2 .0 6 8 2 .9 9
19!+.3 5 ,4 6 4 1 .8 3 1 2 .9 3
157.5 6 ,3 4 3 1 .553 2 .8 4
135-1 7 , 0 6 8 1 .4 1 4 2 .7 7
1 1 9 .8 7 ,7 0 9 1.297 2 .7 3
1 1 0 .0 8 ,1 4 8 1 .2 2 7 2 . 6 9
1 00 .0 8 ,796 1 .1 3 7 2 .66
8 8 .0 9 ,498 1 . 0 5 3 2 .6 0
3 ^ 3 0 ^ . 0 ^ 3 0 ^ )^.xH ^0 D iam ag n e tic  c o r r e c t i o n  = -2 1 1  x 10
3 0 0 . 0 4 ,0 3 4 2 .4 7 9 3 .1 2
2 6 5 .0 4 ,4 4 8 2 .248 3 . 0 8
225 .5 4 ,9 1 5 2 .0 3 5 3 .0 1
19 3 .01 5 , 5 4 2 1 . 8 0 4 2 .9 4
1 5 7 .2 6 ,2 9 6 1 .587 2 .8 3
119 .0 7 ,5 0 6 1 .3 3 1 2 .6 8
- 1 0 9 .0 7 ,9 5 6 1. 256 2 .6 4
9 8 .2 8 ,4 9 0 1 .1 7 8 2 . 5 9
8 7 .5 9 ,1 8 2 I .O 89 2 .5 5
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TABLE 9
M agn e tic  M easurem ents f o r  th e  U r a n iu m ( I I I )  D ouble  S u lp h a te s
T°(K)
..................................
“ 6 X * O
1 IV)
> 
1 F-* 1U (B .M .) I
/<?. . . ... .. ...  j
i
Rh_SO, .U (SO, ) 7 .8H 0 Diamag 2 k  2 u  3 2
(■ I
n e t i c  c o r r e c t i o n  = -2 0 1  x 10_D .1
3 0 0 . 0 4 ,1 4 5 2 .4 1 2 3 .1 7
265 .3 4,51*2 2. 202 3 .1 2
228 .3 5 ,0 6 0 1. 976 3 .0 5
19 3 .3 5 ,6 7 0 1 .7 6 4 2. 97
15 7 .0 6 ,5 6 4 1 .5 2 4 2 .8 8
1 1 9 . 0 7 ,9 2 4 1 .2 6 3 2 .7 6
1 0 9 .0 8 ,4 5 9 1 .1 8 2 2 .7 3
9 8 .2 9 ,0 6 4 1 . 1 0 4 2 .6 8
8 7 .5 9 ,9 1 3 1 . 0 0 9 2.6U
Gs2S\ ’*2iS°k:
.
) , .1 1 H „ 0  D iam ag n e tic  c o r n e d  3 2 " ion  = -2 3 3  X 10~^
2 9 0 .0 4 ,4 2 1 2 .2 6 1 3 .2 2
26 5 .2 4 ,7 0 7 2 .125 3 .1 7
22 9 .2 5 ,2 1 7 1 .9 1 6 3 .1 1
193 .5 5 ,8 5 3 1 .7 0 8 3 .0 2
1 5 6 .2 6 ,7 6 3 1 .4 7 9 2 .9 2
118 .6 8 ,1 8 5 1 .2 2 0 2 .8 0
10 9 .0 8 ,6 3 8 1 .1 5 8 2 .76
9 8 .2 9 ,275 1 .0 7 8 2 .7 1
87 .5 10 ,08 2 0 .9927 2 .6 7
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TABLE 10
M agne tic  M easurem ents f o r  th e  U r a n iu m ( l I I )  Double S u lp h a te s
U  (B .M .)
(NH, ) J30. .U_(SO, ) , . 9 H o0 D ia m a g n e tic  c o r r e c t i o n  = -1 9 8  x 4  2 4  4  5 2 . 10^
-6
292 .5
265 .5  
229 .0  
19 3 .3
157 .0
11 9 .0  
106 .9
98 .5
87 .5
U,277 
U ,558 
5 9 Oil 
5 ,7 0 6  
6 ,5 7 2  
7 ,  9U3 
8 ,5 3 3  
9,Oh7 
9 ,88 1
2 .3 3 8
2.1914-
1 . 9 6 9
1 .752  
1 .5 2 2  
1 .2 5 9  
1 .172  
1 .105  
1 .0 1 2
3 .1 8  
3 . 1 2  
3.06 
2 .9 8  
2 .8 9  
2 .7 6  
2 .7 1  
2.68  
2 . 6 I4.
( N j l ^ ^ S O ^ .U o (S 0 ^ )^ .hH 2°  D ia m a g n e tic  c o r r e c t i o n  = -1 7 2  x 10 
l+,329
2 5 2 4 ' 
289 .6
-6
2 6 5 .9
2 2 8 .9  
193 .3
156.5  
1 1 9 .0  
10 9 .0  
9 8 .2
8 8 .5
h , 6I4.0
5 .1 5 8  
5 ,8 1 1  
6,718  
8 ,086  
8,514-9
9 .158  
9 ,797
1-939
2 .310  
2 .155  
1 .7 2 1  
1.U88 
1.236 
1 .1 7 0  
1 .0 9 2  
1 .02 0
3 .1 8
3 .1 5
3 .0 9
3 .0 1
2 .9 1
2 .7 9
2.71+
2 .7 0
2.6U
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T A BLIP 11
M agne tic  M easurem ents f o r  th e  U r a n iu m ( I I I )  Double C h lo r id e s
T°(K) 106X a 1 0 - 2 "V - 1  A a U { B.M. )\ k  .....................1!
KH^UCl . it-5HgO Di amagne
1 1i ! r
t i c  c o r r e c t i o n  = -2 1 8  x 10^°
1 i
292 .3 if, 801 2 .0 8 3 3 . 3 6
262 .5 5 ,2 5 0 1 .9 0 5 I 3 . 3 3
2 2 6 .0 5 ,9 0 2 ! 1.69U 3 .2 8
190 .2 6 ,7 3 9 ! 1.1+811- 3 .2 2
153 .6 7 , 8 2 1
.
1 .2 7 9 3 .1 1
118.1+ 9 ,3 5 1 1 .0 7 0 2 .9 9
-
8 6 .0 11 ,82 8 0.81+75 2 .8 6
KHi.UCl .c a .6 H , Lf- I}. <,0 Diamagne “ t i c  c o r r e c t i o r = -2 3 1  x 1 0 -6
290 .5 i t , 692
.
2 .131 3 -3 2
2 6 5 . 0 5 ,0 9 8 1 .9 6 2 3 .3 0
228 .7 5 ,6 7 1 1 . 7 6U 3 -2 3
193 .2 6,2t01 1 . 5 6 3 3 .1 6
1 5 7 .1 7 , l t6 l 1.3it0 3 .0 8
118 . 5 9 ,015 1 .1 1 0 2.9k
87 .5
1
11 ,09 1 1!
0 . 9 0 2 3 2 .8 0
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TABLE 12
M ag ne tic  M easurem ents f o r  th e  U r a n iu m ( l l l )  Double C h lo r id e s
T°(K)
106
------------ ---  " I .............. ............. ... .
1 0 - 2 -j  - 1  (B.M.)
A \k
KDC1, .!+-5HgO
i !
D iam ag n e tic  c o r r e c t i o n  = -2 2 0  x I0r&
2 9 3 .0 l+,7i+3 2 .1 1 0 3 .3 5
264 .7 5 ,1 1 0 1-957 3 .3 0
2 28 .7 5,71+2 1.71+1 3 . 2 6
192 .7 6,51+0 1 .5 2 9 3 . 1 9
1 5 6 .0 7 ,5 9 2 1 .3 1 8 3 . 0 9
1 18 .2 9 ,1 2 6 1 .095 2 .9 5
107 .3 9 ,6 8 1 1 .03 3 2 .8 9
97-5 10 ,31 0 0 .9 7 0 0 2 .8 5
87-1+ 11 ,02 0 0 . 9 0 7 6 2 .7 9
EbDCl. -i+-5H20 Diamagne
!
! 6 t i c  c o r r e c t i o n  = -2 2 7  x 10“ °
290 .0 4 ,7 2 2 2 .1 1 8 3 -3 2
261+. 0 5 , 1 0 5 1 .9 5 9 3 .3 0
22 8 .0 5 , 7 0 7 1 .7 5 2 3.21+
1 92 .5 6 , 1+50 1 .5 5 0 3 .1 6
156 .2 7,1+31+ 1 .3 4 6 3 .0 6
118.1+ 8 ,8 7 3 1 .127 2 .9 1
10 8 .0 9,1+53 1 .0 5 8 2 .8 7
97 .5 1 0 ,0 3 8 0 .9 9 6 0 2 .8 1
87-5i
1
10,777 0 .9 2 7 3 2 .7 6
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TABLE) 13
M agnetic  M easurem ents f o r  th e  U r a n iu m ( i l l )  Double C h lo r id e s
T°(K)
.....................................................
i o W
10- 2 X a- 1
I
(B .M .)
RbUCl, . ca .6H  ( Diamagne t i o  e o r r e c t i o r . = -21+1 x 10-6  I
29 2 .0 1+,812 2 .078 3 ,3 7  1
265 .5 5 ,2 0 5 1 .9 2 1 3.31+
2 2 9 .0 5 ,7 9 9 1.721+ 3 .2 7
193-6 6 ,6 0 3 1 .515 3 .2 2
15 8 .3 7 ,5 8 1 1 .3 1 9 3 -1 1
118 .6 9 ,2 9 6 1.075 2 .9 8
IO8 . 5 9 ,906 1 .0 0 9 2 .91+
9 8 .0 10,611+ 0 . 9U25 2 .9 0
87-5 11,5111- 0 .8 6 8 6 2 .8 5
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TABLE 14 
Summary o f  M agnetic  R e s u l t s
Compound )q b.m .
---------- H
0
a t  300°K j a t  87°K
j. . .. .
(°K)
U ^ S O jp ,. .  8H20 i 3 -22
!
2 . 6 7 82
0 2 (S04 ) 3 .2H20
j
3-16
i
|
j 2 .6 9
!i
60
U(S0u ) 2 .8H2 0 2 .9 9 2 . 2 0 158
o ( sou ) 2 .4H20 3 .0 3 2 . 3 6 108
Na2S0^.U2 (S04 )3 .4H20 3 .2 3 2 . 7 2 81+
k 2sou . 0 2 (sou ) 3 . io h 2o 3 .0 3 2 .5 1 100
3K2SV U2 (SV 3 - xH20 3 .1 2 2 .55 100
K50 ( 3 V 4 - ’H20 ’ 3 .1 2 2 . 6 0 110
rt32s ° 4 . u2 ( s 04 ) 3 .8 h20 3 .1 7 2 . 6b 93
Cs oSO, .U ^SO , ) . 11H 0 2 4  2 4  3 2 3 . 2 2 2 .6 7
(Kh4 ) 2s ° 4 . u 2 ( s ° 4 ) 3 .9H20 3 .1 8 2 . 6U 85
(H2H5 ) 2S04 - D2 (s 04 ) 3 ' 1,B20 3 .1 8 2.61+ 86
NH, UCl. .4 -5H  0-4. 4* 2 3 .3 6 2. 86 68
I'TH, UCl, .c a .6 H „ 0  4  4  2 3 .3 2 2 .8 0 60
KUC1, -4-5H 0 
4  2 3 .3 3  | 2 .7 9 70
RUUC1, -4-5LLO 4 2 3-32 2 .76 80
RtfJCl^. ca . 6H20 3 .3 7  1I
_ _____ i
2 .9 0 65
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t e m p e r a tu r e - in d e p e n d e n t  moment o f  3*62 33.M. The m a g n e tic
moment o f  UgCSO^)^. 8H^0 i s  l e s s  th a n  th e  f r e e  io n  v a l u e .
and v a r i e s  w i th  t e m p e r a tu re  3 .2 2  B.M. a t  302°K*
and 2 .67  B.M. a t  87°K). E x t r a p o l a t i o n  o f  th e  u p p e r
p a r t  o f  th e  p l o t  o f  '"V a g a i n s t  T g iv e s  a C u r ie -W eiss
A
c o n s t a n t  © = 8 2 ° .
The m a g n e t ic  "behaviour o f  th e  u r a n i u m ( I I l )  d o u b le  
s u l p h a t e s  c l o s e l y  re se m b le s  t h a t  o f  th e  s im p le  s u l p h a t e .  
They have s i m i l a r  moments a t  room te m p e r a tu re  vdiich a g a in  
d e c r e a s e  a t  lo w e r  t e m p e r a tu r e s .  L arge  © v a lu e s  a r e  
s i m i l a r l y  o b se rv e d  as a re  sum m arised  i n  T a b le  II4..
L ik e  th e  s im p le  s u l p h a t e  th e  'v  a g a i n s t  T p l o t s  a r e  
found  t o  cu rv e  b e low  th e  C u r ie -W eiss  l i n e s  be low  ab o u t 
120°K ( F ig s .  6 to  8 ) .
The 1g r e e n 1 and p u r p l e 1 d o u b le  c h l o r i d e s  have  
s i m i l a r  p r o p e r t i e s  b o th  to  e a c h  o t h e r  and to  th e  d o u b le  
s u l p h a t e s .  T h e i r  moments a t  room te m p e r a tu re  a r e  
s l i g h t l y  h i g h e r  th a n  th o s e  o f  th e  d o u b le  s u l p h a t e s  and 
a g a in  d e c r e a s e  w i th  t e m p e ra tu re  ( e . g .  f o r  RbUCl^.
M =  3 .3 2  B.M. a t  290°K, f a l l i n g  t o  2 .7 6  B.M. a t  8 8 °K ). 
The p l o t s  o f  th e  r e c i p r o c a l  s u s c e p t i b i l i t i e s  a g a i n s t  
te m p e r a tu re  ( F ig s .  9 and 10) c u rv e  o n ly  v e r y  s l i g h t l y  
b e lo w  th e  C u r ie -W eiss  l i n e s  a t  low t e m p e r a t u r e s .  Such 
c u r v a t u r e  i s  o f  t h e  same o r d e r  o f  m agn itude  as  th e  
e x p e r im e n ta l  e r r o r  and i s  n o t  as marked a s  i n  t h e  d o u b le  
s u l p h a t e s  e . g .  K^U( 3 0 ^ ) ’H^O’ F i g . 6 . L a rg e  0 v a lu e s  
(60  to  80°) a r e  o b s e rv e d .
P ig .  8
-3.2
rH
1 . 6 .
• 2 .80 . 8 -
2.6
100 100 3000 200
T em p era tu re  (°K)
£
1. 6 -
0 . 8 -
- 2 . 8
100 100 200
T em p era tu re  (°K)
-3.2
0 .8 -
- 2 . 8
100 0 100 200 300
k
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M a g n e tic  m easurem ents  i n  aqueous s o l u t i o n  (97) f o r
th e  u r a n i u m ( l l l )  i o n  have  i n d i c a t e d  moments o f  3*17 and
3 .2 2  B.M. a t  293°K f o r  s u l p h a t e  and c h l o r i d e  s o l u t i o n s
r e s p e c t i v e l y .  S in ce  th e  m a g n e tic  moments o f  s o l i d
u r a n i u m ( l l l )  compounds and th e  s o l u t i o n s  a r e  so  s i m i l a r ,
th e  re d u c e d  moments o f  th e  s o l i d s  a r e  u n l i k e l y  t o  he
due t o  i n t e r m o l e c u l a r  a n t i f e r r o m a g n e t i s m ,  h u t  r a t h e r
t o  l ig a n d  f i e l d  e f f e c t s .  The h a l i d e s  UC1, ( 2 1 3 ) ,  tn?3
(212) and th e  fo rm a te  U(HCO_), (79) have  s i m i l a r  m a g n e t ic2 3
p r o p e r t i e s  to  th e  h y d ra te d  u r a n i u m ( l l l )  compounds s t u d i e d  
i n  th e  p r e s e n t  work. I n  th e  c a se  o f  UP^, where m e a su re ­
m ents were made down to  2°K, th e  s u s c e p t i b i l i t i e s  were 
found  to  i n c r e a s e  more r a p i d l y  a t  lo w er  t e m p e r a t u r e s ,  
and th e  p l o t  o f  r e c i p r o c a l  s u s c e p t i b i l i t y  a g a i n s t  
t e m p e r a tu re  cu rved  th ro u g h  th e  o r i g i n .  T h is  s u g g e s te d
f e r r o m a g n e t i c  o r d e r i n g  i n  UF_ a t  v e ry  low t e m p e r a t u r e s .
3
The f a c t  t h a t  s o l i d  s o l u t i o n s  o f  UCl^ i n  L aC l^  showed 
a lm o s t  no change o f  th e  W e i s s - c o n s t a n t  9 w i th  d i l u t i o n  
i s  a good i n d i c a t i o n  t h a t  0 i s  n o t  due to  i n t e r m o l e c u l a r  
a n t i f e r r o m a g n e t i s m .
L ik e  U2 (S0^)^ .8H ^0  th e  an a lo g o u s  Nd^(SO^)^.SH^O 
(203) h as  a r e c i p r o c a l  s u s c e p t i b i l i t y  a g a i n s t  t e m p e r a tu r e  
p l o t  w hich  c u rv e s  be low  th e  C u r ie -W eiss  l i n e  a t  low 
t e m p e r a tu r e s .  Selwood (203) p o in te d  ou t t h a t  t h i s  ty p e  
o f  b e h a v io u r  f o r  th e  l a n t h a n i d e s  was q u i t e  common, th e  
o x id e  KdgO^ *^ o r  e3camP^s h a v in g  s i m i l a r  b e h a v i o u r  t o  th e  
s u l p h a t e .  No change o f  th e  W e i s s - c o n s t a n t  was o b se rv e d
-  JL^ O -
P u r p l e 1 NH. UCl .i+-5H 02.U-
1*6
0 . 8
100100 200 3000
T em p era tu re  (°K)
2.2+- Green* NH, UCl, . c a .6 H  0
80
0 .8 -
100 100 200
T em p era tu re  (°K )
300
P u r p l e '  KUCl-.lj.-5H 0
0 .8 -
100 100 200 300
J t
on d i l u t i o n  o f  i\Td 0_ w i th  L a o0*. H u tc h is o n  and E l l i o t2 3 D
a l s o  o b se rv ed  c u r v a t u r e  i n  th e  m a g n e tic  d a t a  f o r  
U (SO^) 2* 3« 26H20, how ever, t h i s  was deduced on th e  "basis 
o f  one p o in t  on th e  g ra p h  o n ly .  Ho such  i n d i c a t i o n ,  
o v e r  th e  ran g e  o f  t e m p e r a tu re  u s e d ,  was o h se rv e d  i n  th e  
p r e s e n t  work. The a n a lo g o u s  1+f2 io n  P r ^ + i n  t h e  anhyd rous  
s u l p h a t e  shows s i m i l a r  b e h a v io u r  t o  t h a t
r e p o r t e d  f o r  U ( S O ^ ) 3 - 26h ^0.
C u rv a tu re  he low  th e  C u r ie -W e iss  l i n e  h a s  a l s o  b e e n  
o b se rv e d  i n  a number o f  u ran iu m (lV )  com plexes su c h  a s ;  
U ( a c a c ) u (12+1), Cs 2U(N03 )6 (181+), (Et^N) gU ( N O ^  (182+), 
U(NO )^.2.5DMA (182+), UCl^DM SO (1 8 5 ) ,  UBr^.6DMS0 (1 8 5 ) ,  
UC1^.1.5TMMA (1 8 6 ) ,  U C l^ .1 . 5TMGA (1 8 6 ) ,  and UC1^.1.5HMGA 
(1 8 6 ) .  I n  a d d i t i o n  c u r v a tu r e  above th e  C u r ie -W e is s  
l i n e ( a n t i f e r r o m a g n e t i c  b e h a v io u r )  i s  a l s o  o b se rv e d  i n  
th e  compounds U(C20 ^ ) 2 .5H20 (12L+1), UCl^.iiUMA (181+), and 
UC1^.2.5DMi\ (182+).
E x p la n a t io n  o f  th e  c o m p l ic a te d  b e h a v io u r  f o r  b o t h  
u r a n i u m ( l l l )  and u ran iu m (lV )  i s  d i f f i c u l t  s i n c e  th e  
r e l e v a n t  s p i n - o r b i t  c o u p l in g  and l ig a n d  f i e l d  p a r a m e te r s  
a r e  as  y e t  unknown. I n  low symmetry l ig a n d  f i e l d s  i t  
would be  e x p e c te d  t h a t  th e  ground s t a t e  o f  th e
io n  would be w eakly  s p l i t  i n t o  l e s s  d e g e n e r a t e  
l e v e l s ,  o c cu p ied  by th e  io n s  a c c o rd in g  to  a B o ltzm ann  
d i s t r i b u t i o n .  These  s p l i t t i n g s  a re  s m a l l  so  t h a t  a t  
s u f f i c i e n t l y  h i g h  te m p e ra tu re s  e q u a t io n  (1) i s  o beyed . 
When th e  t e m p e r a tu re  i s  re d u c e d  so  t h a t  kT becomes
P u r p l e 1 RlDUCl^.li-SHgO 
0 = 8 0 °
0 . 8  -
100100 300200
T em p era tu re  (°K )
1 G r e e n 1 RbUCl, . c a .6 H  0
100 100
T em p era tu re  (°K)
200 300
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com parab le  w i th  th e  s p l i t t i n g s s low er  l y in g  s t a t e s  
w i t h  low er r e s u l t a n t  a n g u la r  momenta a r e  p r e f e r e n t i a l l y  
p o p u l a t e d , and th e  moment d e c r e a s e s  a c c o r d i n g l y .  The 
su d d en  i n c r e a s e  i n  s u s c e p t i b i l i t y  a t  v e ry  low te m p e r­
a t u r e s  a p p a r e n t l y  a r i s e s  from  f e r r o m a g n e t i c  a l ig n m e n t  
o f  th e  o r b i t a l  and s p i n  m a g n e tic  moments.
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CHAPTER 5
SPECTRAL PROPERTIES OF HYDRATED URANIUM d l l ' )  COMPOUNDS
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1• V i s i b l e  S p e c t r a  o f  th e  A c t in i d e s  and L a n th a n id e s  ;
The a b s o r p t i o n  s p e c t r a  o f  th e  t e r v a l e n t  a c t i n i d e s  
and l a n t h a n i d e s  c o n s i s t  o f  a number o f  s h a r p * r e l a t i v e l y  
weak a b s o r p t i o n  bands i n  t h e  v i s i b l e ,  n e a r  u l t r a v i o l e t ,  
and n e a r  i n f r a - r e d .  These have  b een  a s s ig n e d  (219) to  
L a p o r t e - f o r b i d d e n  t r a n s i t i o n s  w i t h in  th e  f  s h e l l s  w h ich , 
u n l i k e  th e  t r a n s i t i o n s  w i t h i n  th e  d s h e l l s  o f  t r a n s i t i o n  
m e ta l  i o n s ,  a r e  c o n s id e re d  t o  be  l i t t l e  i n f l u e n c e d  by  
l ig a n d  f i e l d  e f f e c t s  s i n c e  th e  f  o r b i t a l s  a r e  w e l l  
s h i e l d e d .  The h i g h - i n t e n s i t y ,  b ro a d  bands  o b se rv e d  i n  
th e  n e a r  u l t r a v i o l e t  and . . 'U l t r a v io le t  a r e  c o n s id e r e d  t o  be 
due to  L a p o r te - a l lo w e d  f n  -  f n ~ l  d t r a n s i t i o n s ,  and 
t h e s e  would be e x p e c te d  t o  be more s u s c e p t i b l e  to  
e n v i r o n m e n ta l  changes  s in c e  t h e y  in v o lv e  o u t e r  d o r b i t a l s .
Q u a n t i t a t i v e  t r e a tm e n t s  o f  a c t i n i d e  and l a n t h a n i d e  
s p e c t r a  a r e  d i f f i c u l t  owing to  th e  l a r g e  num ber o f  
l i n e s  o b s e rv e d ,  and to  th e  complex s p a t i a l  d i s t r i b u t i o n  
‘o f  th e  f  o r b i t a l s .  Such t r e a tm e n t s  f o r  f n  e l e c t r o n  
sy s te m s  have b e e n  made by J o rg e n s e n  (211) (2 1 8 ) ,  and by  
Conway (2 2 0 ) .  The t h e o r e t i c a l  e n e rg y  l e v e l s  o b t a in e d  
have  b e en  c o r r e l a t e d  w i th  th e  e x p e r i m e n t a l l y  o b se rv e d  
a b s o r p t i o n  b a n d s .  D e t a i l s  o f  s o l u t i o n  s p e c t r a l  m eas­
u rem e n ts  f o r  u r a n i u m ( l l l )  and u ran iu m (IV )  can  be  fo u n d  
i n  r e f e r e n c e s  (88) (92) (9U) (95) ( 9 6 ) (97) (1 0 0 ) ,  as  
d i s c u s s e d  i n  th e  I n t r o d u c t i o n .  The t h e o r e t i c a l  e n e rg y  
l e v e l s  and te rm  a s s ig n m e n ts  by  J o rg e n s e n  (211) (218) 
a r e  g iv e n  i n  T ab le  15-
-  13k -  
TABLE 15
T h e o r e t i c a l  E nergy  L e v e ls  f o r  U r a n i u m ( l I I ) and
U ranium (IV )
■ — » ■ II.. ..................
j Uranium (IV)
! ground s t a t e
........ ..  .. i....... « - - . .
U ra n iu m ( I I I )
; g round s t a t e  ^1 ^ / 2
;
F requ en cy  
cm. ‘“■*-
! Term F re q u en c y Term
a ss ig n m en t cm .“ ^ a s s ig n m e n t
k ,  750 3el5 U, 100 ^1 1 1 / 2
9 ,3 5 0 7 ,8 0 0 *+I1 3 /2
7 ,7 0 0 3, 2 1 1 ,7 0 0 Ut
1 5 /2
1 1 ,8 0 0 3 , 3 1 2 ,6 0 0 h-ir
"
[V)
1 2 ,0 5 0 \  ( \ ) 1 5 ,0 0 0 .5 / 2
19 ,500 lD2 16 ,60 0
•^l-q
3 / 2
18 ,700 \ 17 ,300 Si? / 7 / 2
29 ,350 Xl6 18 ,800 V
3 5 ,500 3po 18 ,100 C\J
>
J
11
3 7 ,7 0 0 3p 19 ,700 2xi
: 9 /2
U0,000
“T
■TP2 20 ,900 S/2 ■
5 8 ,2 0 0 Iq 0
_________  _____ J
2 2 ,200
2 3 ,2 0 0
25 ,100
2 6 ,5 0 0
2 6 ,3 0 0
Sl/2
S t
9 /2
2-rr
13/2
2(37 / 2
S x / 2
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2. S p e c t r a l  S tu d ie s  o f  H y dra ted  Compounds o f  
U r a n iu m ( I I I )  and U ranium (IV )
( a ) R e f l e c t a n c e  S p e c t r a  o f  H yd ra ted  U r a n iu m ( l l l )  and
Uranium (IV ) S u lp h a te s
The r e f l e c t a n c e  s p e c t r a  o f  th e  h y d r a te d  u r a n i u m ( I I l )  
and u ran iu m (lV )  s u l p h a t e s  ( F ig s .  I I ,  12, 11}. and 17) 
a r e  v e ry  s i m i l a r  t o  th o se  o f  s o l u t i o n s  i n  s u l p h u r i c  
(92) (100) and d e u t e r a t e d  p e r c h l o r i c  (95) a c i d s .  
Com parisons w i th  d i f f u s e  r e f l e c t a n c e  s p e c t r a  f o r  o t h e r  
u r a n i u m ( l l l )  and u ran iu m (lV )  compounds a r e  d i f f i c u l t  
s i n c e  th e  o n ly  o t h e r  r e p o r t e d  a r e  f o r  th e  a n h y d ro u s  
h a l i d e s  o v e r  a l im i t e d  ra n g e  (2 2 1 ) .  The r e f l e c t a n c e  
sp e c t ru m  o f  u r a n i u m ( l l l )  s u l p h a t e  o c ta h y d r a t e  (F ig .  11) 
e x h i b i t s  i n t e n s e ,  b ro ad  a b s o r p t io n s  i n  th e  r e g i o n  kkf000 « 
2k 900 0 c m . c h a r a c t e r i s t i c  o f  5£n ~ 5 f n “ l  6d t r a n s i t i o n s .  
In  co m p a r iso n ,  th e  u ran iu m (lV )  s u l p h a t e  h y d r a t e s  a r e  
w eakly  a b s o r b in g  (up to  a b o u t  iiO,000cm.*"1 ) i n  t h i s  r e g i o n .  
The s h a r p ,  l i n e - l i k e  a b s o r p t io n s  i n  th e  v i s i b l e  p a r t  o f  
th e  sp e c tru m  o f  u r a n i u m ( l l l )  s u l p h a t e  o c ta h y d r a t e  a r e  
a s s i g n a b l e  to  th e  L a p o r t e - f o r b i d d e n  t r a n s i t i o n s  from  
th e  ground s t a t e  ^ 1 ^ /2  l e v e l s  a r i s i n g  from  th e
5 f ^  ground  s t a t e  c o n f i g u r a t i o n .  S i m i l a r l y ,  i n  th e  
u ran ium (IV ) s u l p h a t e  h y d r a t e s  th e  s h a rp  b a n d s  a r i s e  
from  t r a n s i t i o n s  from  th e  g round  s t a t e  3k t o  t h e  o t h e r  
5 f ^  l e v e l s .  The a b s o r p t io n  bands o f  u r a n i u m ( I I I )  i n  
s o l u t i o n  a re  more i n t e n s e  th a n  th o s e  o f  u r a n iu m ( lV ) ,  
a l th o u g h  i n  s o l i d  s t a t e  s p e c t r a ,  f o r  exam ple o f
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TABLE 16
R e f l e c t a n c e  s p e c t r a  o f :
(a )  U2 (S0u ) 3 .8H20 Cb) U2 (S0u ) 3 .2H20
( c )  u(sou) 2.8H2o (a) u ( s o 4 ) 2 .u h 2o
Band maxima i n  wave-num bers (cm .- -*-)
(a) (D) (0 )
i
(a)
3 656OO vh
j, .r». . , 1 ,rv
j 3 2 ?U00  vh
285OOO h 2 7 ,2 0 0  h
,
21+5700 h
2U, 0 0 0  sh
2 3 ,0 3 0  s 2 3 ,0 7 0  m
2 2 s 150 sh 2 2 ,0 0 0  sh 2 2 , 14-00 sh
2 1 , 14.00 sh
2 0 , 14.00 s h
205 200 sh 2 0 ,800  s 2 0 , 1 5 0  m
19 ,7 30  sh 1 9 ,7 0 0  sh
19 ,130  s
I 85 180  sh 18 ,350  s 18,100 m
1 7 , 14-00 sh
1 7 ,1 0 0  sh 1 7 , 14.00 sh
I 65UOO sh 16,500 sh
165220  s 1 6 , 3 2 0  sh
1 5 ,9 0 0  sh
1 5 ,7 0 0  sh 1 5 ,6 5 0  w ,sh
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TABLE 16 (Contd .)
(a) W (c)
--------------------- 1
(a) |
15*^20 s 15*500  sh  :
sp
I k ,  900  . sh 114*900 sh 114*830 s 15*050  s 
114,950 sh
13*650 rn 13*750 m
11*620  m*h 11*700  m*h
11*250 s 11*300  s 1 1 ,2 0 0  m,"b ;
10*150 m 10*170 m
9 ,9 5 0  sh 9*530 m
9 ,28 0  m
9*030  s
9*100 s
sp
8 , 6 0 0 s
8*100 s 8 ,1 7 0  s
7*180 w 7*250 w
6* 800 sh  
6*300  s 6*500  s
l4.5ij.5 O s 14*600 s
s = s t ro n g *  m = medium* w = weak* sh  = sh o u ld e r* ,  h  = "broad, 
ms = medium -  s t ro n g *  sp = s p l i t *  and v = v e r y .
-  138 -
T^BLE 17
R e f l e c t a n c e  s p e c t r a  o f :
(e )  E a 2S0 .U2 (S 0 ^ )3 .UH20 ( f )  K gSC yU ^SO  ^ .lO H g O
(g )  3E2S0 .U2 (S0^) . xH20 (h )  K5U(S04 )u > 'H20 '
(e ) (?) (g) (h)
22 ,100  sh 22 ,200  sh 22 ,120  sh
20 ,4 60  w ,sh 20 ,500  sh
2 1 ,2 0 0
20 ,2 00  sti 20 ,400  sh 2 0 ,2 0 0  sh 2 0 ,3 0 0
19; 620  w ,sh 19 ,600  sh 19 ,000  sh
1 9 ,100  s 19 ,250  s 19 , 250 s
18 ,300  sh 18 ,600  sh 1 8 ,3 5 0  sh
17 ,60 0
16 ,800  s 16 ,750  sh 1 6 ,700  sh 1 6 ,8 0 0  s h
16 ,350  sh  ; 16 ,30 0
16 ,1 80  s 1 6 ,280  m
'
1 6 ,2 5 0  s
1 5 ,6 5 0  s , s h 15 ,72 0  sh 1 5 ,6 5 0  sh
14, 900  sh 15 ,000  sh 12+, 900 sh 1 5 ,2 0 0  sh  J
13 ,65 0  s 13 ,680  m 1 3 ,6 5 0  m 14 ,0 5 0  m
1 1 ,5 0 0  s 1 1 ,5 0 0  s 1 1 ,5 5 0  s 1 1 ,850  s 
1 1 ,3 2 0  sh
10 ,20 0  m 10 ,20 0  m 1 0 ,3 5 0  m
9 , 9 0 0  sh
9 ,6 0 0  s 9 , 5 0 0  m 9 ,4 3 0  m 
8 ,8 0 0  sh
9 , 6 5 0  m
8 ,6 0 0  sh
<
-  13 9 -
TABLE 17(Contd .)
(e ) ( f ) (g) (h)
8 ,1 8 0  s . 8 ,1 8 0  s 8 ,2 0 0  s 8 ,1 5 0  s
7 ,1 8 0  w 7 ,2 0 0  w 7*180 w 7 , UOO w
6 ? 800 To
6 , 3 0 0  Id 6 , 3 0 0  vw
. 5 ,0 5 0  sh U* 930 sh
ks750 sh
U-,570 s J+,520 s U*500 s Us 600 s
-  J.i+u -
TABLS 18
R e f l e c t a n c e  s p e c t r a  o f :
( i )  HTd2SOj+.U 2 (SO ^)3 .8 E  0 ( j )  Cs 2S0u .U 2 (S 0 ^ )3 .1 1 H 20
0 0  (KHu ) 2S04 .U 2 ( S 0 p 3 .9H 20 ( l )  (N2H5 ) 2S04 .U 2 (S 0 u ) 3 .l|H 20
(3) (k) ( 1 )
3 8 ,0 0 0  vh 3 8 , 3 0 0  h , s h
3 5 , 0 0 0  h , s h
3 2 , 1 5 0  vh
3 0 , 9 0 0  s h
2 7 ,7 0 0  Vh 2 7 ,8 0 0  h 2 7 ,6 0 0  h
2 6 ,8 0 0  sh
2U,550 vh 2 5 ,0 0 0  vh 2U, 700  h 2 3 ,U00  h
22 ,180  sh 2 2 ,1 5 0  sh 2 2 ,0 5 0  sh 2 2 ,0 0 0  s h
2 0 ,2 0 0  sh 2 0 ,2 5 0  sh 2 0 ,2 2 0  sh 2O5I4.OO sh
1 9 ,6 0 0  s h 1 9 ,7 0 0  sh 1 9 ,6 0 0  sh 1 9 , 7 0 0  s h
1 9 ,2 5 0  s 1 9 ,1 8 0  s 1 9 ,2 0 0  s 1 9 , 1 0 0  s
1 8 ,2 5 0  sh 1 8 ,3 0 0  sh 18 ,200  sh 1 8 , 3 0 0  sh
1 7 ,1 0 0  sh 17 ,150  sh 1 6 ,9 5 0  sh 17 , 250  s h
16 , Jj80 sh 16 ,350  sh
1 6 ,2 5 0  mjh 16 ,2 2 0 16 ,200 1 6 ,2 0 0  s
15,U70 sh 15 ,650  sh 15 ,6 00  Sll 1 5 ,67 0  sh
Hj. ,9 0 0  w 1U, 900  w lLj.,900 sh 1U ,900 sh
13 ,650  m 13,650 s 1 3 ,6 5 0  s 1 3 ,6 0 0  m
11,U50  sh 1 1 , 5 0 0  s h
j 11 ,200  s
i
1 1 ,570  s 11,U00 s 1 1 ,2 0 0  s
!
- 1U1 -
TABLE l 8 (C ontd .1
( i ) (d) 00 ( 1 )
. 10 ,15 0  m 10 ,000  m 1 0 ,080  m 1 0 ,2 0 0  m
; 9,U80 sh 9 ,5 5 0  sh
9 ,350  m 9 ,5 2 0  m 9 ,3 7 0  m 9 ,3 2 0  m
8 , 3 0 0  s h 8 ,2 0 0  sh 8 ,2 2 0  sh.
8 ,07 0  s 8 ,2 0 0  s 8 , 0 5 0  s 8 ,1 0 0  vs
7 ,2 5 0  w 7 ,2 3 0  w 7 ,2 0 0  w 7 ,2 2 0  w
U,750 sh U,750 sh U,750 sh U,750 s h
U, 5 0 0  s U,550 s U,600 s k>500 s
-  I k 2  -
TABLE 19
R e f l e c t a n c e  s p e c t r a  o f :
(m) (HH^)2S0 .U2 (S0u ) 3 .9H20 (n)  'p u r p l e *  NHjUCl^.lt-SHgO
a t  80°K
(o) ’green* NH^UCl -ca .6H ^0 (p)  'p u r p l e * KOCl^.U-SH 0
(m)
. . .. _ . _ ______
(n) ( 0 ) (p)
28 ,000  h 27 ,700  h 2 8 ,500  h 2 8 ,0 0 0  To
2 5 ,700  To
2U s 900 h 2U,U50 h 2k, 500 To 2k, 350 To
2 3 ,650  To
22 ,080  sh 22,900  sh |
21 ,700  *b 2 1 , 5 5 0  s h 2 1 ,6 5 0  To
20 ,230  sh
1 9 ,63 0  sh 19,550  sh 19 ,930  sh
19 ,2 0 0  sh
19 ,000  s 1 8 ,950  s 1 9 ,2 0 0  s h
1 8 ,2 0 0  sh 18 ,520  sh
1 8 ,030  sh 1
17 ,850  h , s
;
1 8 ,000  h , s
1 7 ,080  sh • 1 6 ,920  sh 1 7 ,15 0  s h
I 636OO sh 1I
16 ,350  s 16 ,330  sh 16, i+30 s 1 6 ,2 3 0  s h
15 ,880  sh
15 ,600  sh 1 5 ,580  sh 15, it 80 sh 1 5 ,5 3 0  s h
114,900 w
i
1U,790 w li | . ,670 w
-
j l i t , 750 w
1
-  lij-3 -
TABLE 19(C on td .)
(m) (n) ( 0 )
f
(p)
J l i t ,  7 20 sh l i t ,  650 sh
1 3 ,5 0 0  sh
13 ,650  s 13 ,370  m
;
13 ,220  sh
13 ,300  m 13,U10 m
sp
1 3 ,3 2 0  m 
1 3 ,1 8 0  sh
11 ,6 0 0  s 11,U00 s 11 ,25 0  s 1 1 ,3 5 0  s
1 0 , 1 5 0  m 1 0 ,0 5 0  m 
9 ,5 0 0  sh
9 ,9 5 0  m 1 0 ,0 0 0  m 
9,U90 s h
9,U50 m 9,330  m 
8 , i t30  s h
9 ,3 5 0  ra 9 ,2 8 0  m
Sp
9 ,1 7 0  m 
8,U00 s h
8 ,2 0 0  sh  
8 , 0 5 0  s
8 , 2 3 0  sh  
8 ,1 1 0  
7 ,9 2 0  s h
8 ,2 0 0  s
sp
8 ,0 0 0  s
8 ,2 0 0  sh  
8 , 0 5 0  s 
• 7 ,8 8 0  s h
7 , 250 w 7 ,0 8 0  w 7 ,0 0 0  w 7 ,0 2 0  w
; U,750 sh it, 750 sh U , 900 sh U,730 s h
j if-s 600 s
i
it ,i t50 s
i
U,530 s
i
U,600 s
i
-  144 ~
TABLE 20
R e f l e c t a n c e  s j j e c t r a  o f :
(q)  ’p u r p l e ’ KbUCl^ ( r )  ’g r e e n ’ RLUCl^. c a .6 H g0
(q) ( r ) (q) ( r )
28 ,600  Id 13 ,350  m 1 3 ,2 8 0  m
2 7 ,900  h 13 ,15 0  sh
25,500 Td 11 ,350  s ' 1 1 , 3 0 0  s
24 ? 35 0 L 2l|.,500  13 10 ,0 20  m 9 ,9 5 0  m
23 ,600  Id 9 ,5 2 0  sh
22 ,180  sh 9 ,3 0 0  m 9 ,3 2 0  m
21 ,800  sh 8 ,2 0 0  sh
21 ,630  h 2 1 ,500  sh 8 ,0 5 0  s 8 ,2 0 0  s
| sp  .
1 9 ,950  sh 8 ,0 0 0  s
19 ,400  sh 7 ,0 2 0  w 7 ,0 0 0  w
19 ,200  sh 18 ,980  s 4 ,7 5 0  sh 4 ,9 0 0  sh
18 ,580  sh 4 ,4 8 0  s 4 , 5 3 0  s
18 ,000  s , h 18;050 sh
1 7 ,800  w,sh
1 7 ,100  w ,sh
16 ,900  sh
16 ,280  sh  ; 16 ,400  s
15 ,900  sh
1 5 ,200  w,sh
11)., 7 90 w 14 ,700  w
14 ,700  sh
1 3 ,4 3 0  sh
I
iL
-  11+5 -
TABLE 21
S o l u t i o n  s p e c t r a  o f :
( s )  NH, UCl. .l+-5Ho0 ' Lj. Ij- 2
i n  H^O 
c o n c e n t r a t i o n  = 3*108 x 
1CT2M
p a t h  l e n g t h  = 2mm.
( t )  (nhu ) 2so4 . u2 ( soJI|>) 3 .9H2o
i n  2E H-.SO,2 k
c o n c e n t r a t i o n  = 2 . 1+23 x 
10“ 2M
p a t h  l e n g t h  = 2mm.
(8) ( t )
F re g u en e y  cm. ~
. . . . . . .  . .........
Molar  
■1 E x t i n c t i o n  
C o e f f . £ n
u
F re g u en ey  cm.*”1-
......1
M olar  s 
E x t i n c t i o n  
C o e f f .
i
22 ,150 7 6 . 4
j
22 ,120  | 8 9 . I
2 0 ,0 5 0  sh ( 3 9 .1 ) 20 ,100  s h  j (4 3 . 4 )
19 ,720  sh (9 9 -5 ) 1 9 ,6 0 0  sh  (j ( 9 7 . 5 )
1 9 ,1 5 0 153 1 9 ,1 0 0  i
f
147
18,1+00 sh ( 4 9 .7 ) 18,1+00 sh  j (5 1 . 6 )
1 7 ,100  sh ( 5 7 .6 ) 17 ,000  sh  | (5 5 . 4 )
16 ,480  sh (8 3 . I ) 16,1+00 sh  j (7 7 . 8 )
16 ,200 94 .5 16 ,200  | 8 8 .8
15 ,700 51-5 15 ,660  !j 4 8 .7
li+,900 9 .8 1 4 ,9 0 0  |f 1 1 .2
1 3 ,7 2 0 4 0 .0 1 3 ,66 0  |{ 3 6 . 0
1 1 ,4 0 0 186 1 1 , 4 0 0  | 176
1 1 ,1 4 0 161+ 1 1 ,1 1 0  !s 159
10 ,2 2 0  1 * 51*3 1 0 ,2 2 0  j 5 1 . 0
1 9 ,9 5 0  sh ( 3 3 .8 ) 10 ,000  sh  1j ( 3 7 . 2 )
9 ,5 80  sh ( 3 8 .8 ) 9 , 5 1 + 0  sh  ; (3 9 -4 )
-  11+6 -
TABL3_21(Contd.)
................... ............... — ...........—  1
(a)
........ ......... ..........-■
( t )
F r e g u e n e y  cm.-
Molar
E x t i n c t i o n  
C o e f f .  £ m
F r e g u e n e y  cm
Molar  
. Ex t i n e t i o n  
C o e f f  . £ u
9 ,3 2 0 kh. 1 9 9 330 k5-5
8 ,1 8 0 172 8 s 123 166
7 ,2 0 0 7 . 1 7*100 ; 8 .3
i+,750 U2.3
i+,1+70 
........  — . ■ ... ..... —
6 5 .7
i— - - - -... -.... - -
k,koo
.
■ 5 9 .5
-  147 -
TABLE 22
(u) U(S0lt) 2.8H20 (v)  (KH1l) 2S0u .U2 (S0u ) 3 .9H20
i n  2N i n  UK HOI
c o n c e n t r a t i o n  = 1 .645  x lO-^M c o n c e n t r a t i o n  = 7*36 x 10“ -% 
p a t h  l e n g t h  = 1cm. p a t h  l e n g t h  = 2mm.
(n) (v)
F re q u en c y  cm.*
Molar  
“1 E x t i n c t i o n  
C o e f f .
F re q u en c y  cm,
! Molar
E x t i n c t i o n  
C o e f f . £ w  .
2I+58OO sh ( 2 6 6 )
2 3 ,200 11 .7
2 2 ,600  s h (123)
20 ,3 20 2 0 .8
20 ,200 2 0 .8
19 ,600  sh  
18 ,300
d u o )
192
18,200 1 5 . 9
16,300  
15 ,700  sh
162
(7U-6)
■ 15,330 4 9 . 6
1U, 900  sh ( 2 5 . 6 )
li+,780 sh  
1 3 ,550
( 3 8 . U) 
3 1 . 2
11,1+00 6 . 8
11 ,200  
1 0 ,080  
9 ,5 5 0  sh
128
5 8 . 1
(4 2 .6 )
-  148 -
TABL3 22(C on td .)
(u) (v)
Molar 1 Molar
F re q u e n c y  cm.* E x t i n c t i o n F requ en cy  cm. E x t i n c t i o n
C o e f f .  £ m C o e f f
9 ,3 3 0 5 2 .5
9 ,23 0 5 0 . 1 j
8 ,8 0 0  sh ( 3 6 .5 )
8 , 1 5 0 103
7 .1 0 0 1 8 .1
6 s 200 1 5 . 2 6 , 5 0 0 2h
_____________ i- ... -  ........ 1
-  Hi-9 -
TABLE 23
S o l u t i o n  s p e c t r u m  o f :
(w) M^UCl i n  met l iano-1-
p a t h  l e n g t h  = 2mm. 
r an g e  ( i )  5 0 , 0 0 0  -  1 5 , 000cm.
c o n c e n t r a t i o n  = If..66 x 10~ %  
ran ge  ( i i )  1 5 ,0 0 0  -  5 ,000cm. 
c o n c e n t r a t i o n  = 2 . 6 2  x 10“ %
(w)
!
-
(w)
F re g u en e y  cm."
Molar 
■|i E x t i n c t i o n  
C o e f f  . £ m
I
F re g u e n e y  cm.
<
M olar  
_ i  E x t i n c t i o n  
C o e f f .
( i ) 11 ,800  sh (125)
1+2,680 1155 11,1+00 sh (192)
3 6 ,6 0 0 1160 11 ,100 21+2
31 ,6 00 1015 10 ,180 118
27,950 1096 9 ,5 5 0  s h ( 5 3 -7 )
2l+,900 s h (521) 9 ,3 2 0 5 5 .6
22 ,000 385 9 ,1 1 0  s h (1+8.3)
19 ,220  sh (602) 8 ,2 9 0  sh (101+)
1 8 ,300  sh (900) 8 ,1 1 0 152
18 ,000 911 7 ,0 8 0 1 1 .5
17 ,300  s h (580) l+,650 s h ( 5 3 . 7 )
16 ,500  sh (323) 1+.1+00 8 2 .1
( i i )
1 5 ,0 0 0  sh (1+0.1)
1 3 ,5 0 0 1+0.3
-  1 5 0  -
u ran iu m (IV )  s u l p h a t e  o c t a h y d r a t e ,  t h e y  can  have  s i m i l a r  
i n t e n s i t i e s  ( F ig .  12 ) .
I t  was f r e q u e n t l y  o b se rv e d  d u r i n g  th e  p r e s e n t  work 
t h a t  u r a n i u m ( l V ) , u n l i k e  u r a n i u m ( I I I ) ,  a b s o r b s  s t r o n g l y  
n e a r  6 , 5 0 0 c m * a n d  th e  a bsen ce  o f  su c h  a b s o r p t i o n  
i n  t h e  u r a n i u m ( l l l )  compounds was u se d  as a c r i t e r i o n  
o f  p u r i t y .  The f a c t  t h a t  t h i s  i s  a t r u e  a b s o r p t i o n  
e x h i b i t e d  by  u r a n i u m ( I V ) , and n o t  a w a t e r  band h a s  b e e n  
d e m o n s t r a t e d  by Cohen and C a m a l l  (95)•  I t  h a s  b e e n  
a rgued  t h a t  t h e  p r e s e n c e  o f  a band a t  a bo u t  9 , 3 0 0 cm. 
i n  th e  u ra n iu m  ( I  I I )  s p e c t r u m  was due t o  u ran iu m (IV )  
i m p u r i t y  ( 2 1 8 ) ,  a l t h o u g h  o t h e r  w o rke rs  ( 91+) (95) 
c o n s i d e r e d  i t  t o  be due t o  u r a n i u m ( I I I ) .  The p r e s e n t  
work shows t h a t  t h e  band i s  due t o  u r a n i u m ( I I I )  s i n c e  
i t  was a lways p r e s e n t  even  when the  band a t  6,500cirio 
was a b s e n t .  When a s o l u t i o n  c o n t a i n i n g  p u r e  u r a n i u m ( l l l )  
was a l lo w e d  t o  o x i d i s e  s l o w l y ,  t h e  band a t  9 ,33 0 cm .- 1  
h a r d l y  i n c r e a s e d  i n  i n t e n s i t y  w i t h  t im e ,  b u t  when much
u ran iu m (IV )  was p r e s e n t  i t  b r o a d e n e d .  T h is  s u g g e s t s
i
t h a t  t h e r e  a r e  two c o i n c i d e n t  bands  o f  s i m i l a r  i n t e n s i t y  
i n  th e  u r a n i u m ( l l l )  and u r a n iu m ( lV )  s p e c t r a  (U^+ , 9 ,330cm . - 1  
£  ss 1+5*5; and U^+ , 9s230cm.- 1  £  = 5 0 . 1 ) .  From t h e
p r e s e n c e  o f  s h o u l d e r s  a t  20 ,200  and I 8 , l 8 0 c m . ’“‘^  on t h e  
u r a n i u m ( l l l )  band a t  19s130cm.- 1  i t  m igh t  be a rgued  
t h a t  t h e s e  a r e  a l s o  due t o  u ra n iu m ( lV )  i m p u r i t i e s .
These s h o u l d e r s  a r e ,  how ever ,  r e s o l v e d  i n t o  s h a r p ,  
w e l l - d e f i n e d  ban ds  i n  the  r e f l e c t a n c e  s p e c t r a  o f  t h e
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u r a n i u m ( I I I )  d o u b le  s u l p h a t e s  ( se e  F i g .  21 ) ,  compared 
w i t h  t h e  weak, "broad u r a n i u m (IV) a b s o r p t i o n s  i n  t h i s  
r e g i o n .  The hand which  a p p e a r s  a t  abou t  15*000cm. 
i n  t h e  u r a n i u m ( iv )  s p e c t r u m  has  b e e n  used  by  o t h e r  
w o rke rs  (91) to  e s t i m a t e  t h e  u ra n iu m ( lV )  c o n t e n t  i n  
u ran iu m  ( I I I )  s p e c t r a . '  However, s i n c e  u ran ium  ( I I I )  a l s o  
a b s o r b s  v e ry  w eak ly  i n  t h i s  r e g i o n ,  u n l e s s  much 
u ran iu m ( lV )  i s  p r e s e n t  i t  i s  d i f f i c u l t  to  d i s t i n g u i s h  
be t we en  t  he two.
(b)  R e f l e c t a n c e  S p e c t r a  o f  t h e  H y d ra te d  U r a n i u m ( l l l )
Double S u l p h a t e s
The r e f l e c t a n c e  s p e c t r a  o f  th e  o l i v e - g r e e n  u r a n i u m ( I I I )
d o u b le  s u l p h a t e s  ( F i g s .  13, 15, 18, 19, 20, 21, and 22)
a r e  v e r y  s i m i l a r  to  t h a t  o f  u r a n i u m ( i l l )  s u l p h a t e  o c t a -
h y d r a t e  (F ig .  1 1 ) .  The band p o s i t i o n s  have  moved v e r y
l i t t l e .  The r e f l e c t a n c e  s p e c t r a  o f  th e  o ra n g e -b ro w n
U_ (SO, ) .2H 0 and brown K_U(S0, ), . ’Ho0 ? a r e  s i m i l a r  t o  2 k 3 2 5 4 4  2
e a c h  o t h e r  ( F i g s .  17 and 1 8 ) ,  and e x h i b i t  e x te n d e d
u l t r a v i o l e t  a b s o r p t i o n s  which mask th e  f  -  f  b a n d s  a t
abou t  19 ,000  and 16,000cm.""*1- T hese  now a p p e a r  as
s h o u l d e r s  a t  1 9 *7 0 0 , 1 7 *U00  and 1 6 , 3 2 0 cm.“"*** f o r
U^(S0, ) . 2H 0 ,  and a t  2 0 ,0 0 0 ,  17*600 and 16 ,300cm ."'1 
2 4 j  2
f o r  K,-U(S0^)^. ’H^O1. I n  th e  l a t t e r  compound a b s o r p t i o n  
b a n d s  which n o r m a l ly  o c c u r  a t  13*650  and 1 1 , 25 0 cm.*'1 
have  moved s i g n i f i c a n t l y  t o  h i g h e r  e n e r g i e s ,  a p p e a r i n g  
a t  l b , 050  and 1 1 ,8 5 0  cm.*”1 T r a n s i t i o n s  i n  t h e  n e a r
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u l t r a v i o l e t  r e g i o n  (by a n a lo g y  w i t h  t h e  ’p u r p l e ’ d o u b le  
c h l o r i d e s  s e e  be low )  a p p e a r  to  be more s u s c e p t i b l e  to  
e n v i r o n m e n t a l  c h a n g e s ,  s i n c e  t h e y  may i n v o l v e  o u t e r  
6d o r b i t a l s .
The r e f l e c t a n c e  s p e c t r a  o f  th e  d o u b le  s u l p h a t e s  
showed t h a t  t h e  compound 3KgS0 .U^SOj^^-xHgO ( F ig .  16) 
c o n t a i n e d  a l i t t l e  (5 t o  1 0 ° /o )  u ran iu m ( lV )  i m p u r i t y ,  
b u t  t h e  o t h e r s  c o n t a i n e d  l i t t l e  i f  any.  T h is  was c o n f i r m e d  
by  th e  a n a l y s e s .
( c ) S p e c t r a  o f  U r a n i u m ( l l l )  and Uranium(lV) i n
2CT S u l p h u r i c  Acid
From th e  s o l u t i o n  sp e c t ru m  o f  (NH^)2S0^.U2 ( S 0 ^ )y 92^0 
i n  2ET H^SO^ a t  6°  (F ig .  29)* u r a n i u m ( I I I )  was shown t o  
u nd e rg o  v e r y  l i t t l e  ( l  t o  2 ° / o )  o x i d a t i o n  i n  2 h o u r s  
when k e p t  u n d e r  n i t r o g e n .  The e x t i n c t i o n  c o e f f i c i e n t s  
(Table  21) were s i m i l a r  t o  (on a v e ra g e  s l i g h t l y  h i g h e r )  
t h o s e  r e p o r t e d  f o r  u r a n i u m ( I I I )  i n  d e u t e r a t e d  p e r c h l o r i c  
a c i d  (95) e x c e p t  f o r  th e  e x t r e m e l y  n a r ro w  l i n e s  a t  
11 ,110  and 8 ,125  cm. whe r e  t h  e 0, va lu e  s we r e  s ome 
2 0 ° /o  lo w er  t h a n  e x p e c t e d .  T h is  c o u ld  b e  due t o  l a c k  
o f  r e s o l u t i o n  o f  t h e  i n s t r u m e n t .
The s o l u t i o n  s p e c t r u m  o f  u r a n i u m (IV) s u l p h a t e  
o c t a h y d r a t e  i n  d i l u t e  s u l p h u r i c  a c i d  ( F ig .  30) shows 
band maxima w i t h  e x t i n c t i o n  c o e f f i c i e n t s  lov/er  t h a n  
t h o s e  r e p o r t e d  f o r  u ra n iu m ( lV )  i n  p e r c h l o r i c  a c i d  (95)* 
p a r t i c u l a r l y  th e  bands  a t  15*330., £  , U 9 .6 ;  9 ,2 3 0 ,
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0 v5 O . l ;  and 6,  200cm. "•*•, £  5 15*2; compared w i t h  th e  
l i t e r a t u r e  v a l u e s :  1 5 *U2 0 , £ > 5 6 . 1 ;  9>3i+6, £ . > 6 0 . 9 ;  and 
6j73i)-omi~‘*', £ , 3 0 . 6 .  As p r e v i o u s l y  d i s c u s s e d  i t  i s  
d i f f i c u l t  to  use  th e  h a n d s  i n  th e  v i s i b l e  r e g i o n  o f  
u ran iu m (IV )  s p e c t r a  to  e s t i m a t e  th e  u r a n i u m ( i v )  c o n t e n t  
i n  u r a n i u m ( I I I ) / u r a n i u m ( I V )  m i x t u r e s .  T h is  i s  b e c a u s e  
t h e y  a p p e a r  e i t h e r  as weak s h o u l d e r s  o r  a r e  masked by 
u r a n i u m ( I I I )  a b s o r p t i o n s  i n  t h e  same r e g i o n s .  I t  i s  
u n f o r t u n a t e  t h a t  th e  a b s o r p t i o n  band n e a r  6 , 5 0 0 cm. 
i n  t h e  u ra n iu m ( lV )  sp e c t ru m  does  n o t  a p p e a r  t o  obey LA^Get-t's 
Be e r ’s law; T h is  was r e a d i l y  d e m o n s t r a t e d  by  a l t e r i n g  
t h e  p a t h  l e n g t h  o f  t h e  c e l l  f rom  2mm. t o  I r a .  The 
i n t e n s i t y  o n l y  i n c r e a s e d  by  a f a c t o r  o f  a b o u t  two where 
a f a c t o r  o f  f i v e  was e x p e c t e d .
(d)  R e f l e c t a n c e  S p e c t r a  o f  t h e  H ydra ted  U r a n i u m ( l I I )
Double  C h l o r id e s
The r e f l e c t a n c e  s p e c t r a  o f  th e  ’p u r p l e 1 d o u b le  
c h l o r i d e s  ( F i g s .  23* 25s and 27) show th e  p r e s e n c e  o f  
a new i n t e n s e  b ro a d  band ( b e l i e v e d  t o  be  r e s p o n s i b l e  
f o r  t h e  p u r p l e  c o l o u r )  a t  18,000cm. , which  o b s c u r e s  th e
s h a r p  bands  i n  t h i s  r e g i o n .  The o t h e r  s h a r p  b a n d s ,  
how ever ,  r e sem b le  t h o s e  o f  th e  d o u b le  s u l p h a t e s ,  b u t  
h ave  moved v e r y  s l i g h t l y  m o s t ly  t o  lo w e r  f r e q u e n c i e s .
The ’p u r p l e ’ d o u b le  c h l o r i d e  s p e c t r a  a r e  v e r y  s i m i l a r  
t o  th o s e  o f  th e  u r a n i u m ( I I I )  i o n  i n  c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d  (88) and l i t h i u m  c h l o r i d e  s o l u t i o n s  ( 9 2 ) .
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I n  c o n t r a s t ,  th e  s p e c t r a  o f  th e  ’g r e e n 5' d o u b le  
c h l o r i d e s  ( F i g s .  2h and 2 6 ) ,  a l t h o u g h  showing more 
f i n e  s t r u c t u r e ,  c l o s e l y  r e s e m b le  t h o s e  o f  th e  d o u b le  
s u l p h a t e s  which  have  no su c h  i n t e n s e  b a n d .  One i n t e r ­
e s t i n g  change i n  th e  s p e c t r a  o f  th e  5g r e e n 5 d o u b le  
c h l o r i d e s  i s  t h e  s p l i t t i n g  o f  t h e  s i n g l e  s h a r p  band
a . Li u j  u y u u n ii "■
a t  8 ,2 0 0  and 8,000cm.
which  u s u a l l y  o c c u r s  t 8 , 0 5 0 cm. 1 i n t o  two components
- 1
—1The p r e s e n c e  o f  th e  i n t e n s e  band a t  18,000cm. 
h a s  a l s o  b e e n  o b se rv e d  by o t h e r  w orke rs  (22k) i n  th e  
s p e c t r a  o f  u r a n i u m ( I I l )  i n  m o l t e n  L iO l  -  SCI. Young 
(225) r e p o r t e d  t h a t  u ran iu m  ( I I I )  gave y e l lo w  s o l u t i o n s  
i n  LiF -  BeF2 m e l t s  b u t  r e d  s o l u t i o n s  i n  LiF -  NaF -  10? 
m e l t s .  The y e l lo w  s o l u t i o n s  had s p e c t r a  s i m i l a r  t o  
t h o s e  o f  u r a n i u m ( I I I )  i n  N DCIO^ ( i . e .  t y p i c a l  o f  t h e  
h y d r a t e d  u r a n i u m ( l l l )  i o n ) .  The red  s o l u t i o n s  o f  u ra n iu m  
( I I I )  i n  m o l t e n  L iF  -  FaF -  KF, l i k e  t h o s e  i n  L i C l  -  KC1 
a r e  th o u g h t  t o  b e  due t o  th e  f o r m a t i o n  o f  h a l i d e  complexes  
The f o r m a t i o n  o f  th e  r e d - io u rp le  f l u o r i d e  complexes  (2*7) 
UF,.MF and UF-..3MF (M = Na, K, Rb and Cs) h a s  b e e n  
p r e v i o u s l y  m en t io n ed  i n  t h e  I n t r o d u c t i o n  p .  1*7.
(e ) S o l u t i o n  S p e c t r a  o f  t h e  H y dra ted  U r a n i u m ( l l l )
.Rouble C h l o r id e s
The r e d - g r e e n  s o l u t i o n  o f  ’p u r p l e 5 NH^UCl^.U-^HgO 
i n  w a t e r  h a s  a sp e c t ru m  ( F ig .  32)  a lm o s t  i d e n t i c a l  t o  
t h a t  o f  t h e  d o ub le  s u l p h a t e  i n  d i l u t e  s u l p h u r i c  a c i d
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( P i g .  29) i . e .  t y p i c a l  o f  t h e  h y d r a t e d  u ra n iu m  ( I I I )  i o n .
I t  a p p e a r s  l i k e l y  t h a t  th e  s p e c t r a l  changes  a r e  due t o  
a change o f  e n v i ro n m en t  o f  th e  u r a n i u m ( i l l )  i o n ,  p o s s i b l y  
w i t h  c o o r d i n a t e d  c h l o r i d e  i n  t h e  c a s e s  o f  t h e  ’p u r p l e ’ 
do u b le  c h l o r i d e s .  As e x p e c te d  th e  f  -  f  t r a n s i t i o n s  
h ave  changed v e r y  l i t t l e  w hereas  th e  f  -  d t r a n s i t i o n s  
which in v o lv e d  o u t e r  6d o r b i t a l s  have changed c o n s i d e r a b l y  
on r e p l a c e m e n t  o f  v /a te r  by  c h l o r i d e .  The s p e c t r u m  o f  . 
’p u r p l e ’ NH^UCl^.U-SHgO i n  w a t e r  changed v e r y  l i t t l e  i n  
two h o u r s  showing th e  r e m a rk a b le  r e s i s t a n c e  o f  t h e  
compound tow ards  o x i d a t i o n  o r  h y d r o l y s i s  beyond th e  
f o r m a t i o n  o f  th e  h y d r a t e d  i o n .  The sp e c t r u m  h a s  band 
maxima w i th  v e r y  s i m i l a r  e x t i n c t i o n  c o e f f i c i e n t s  to  
th o s e  o f  th e  c o r r e s p o n d i n g  d o u b le  s u l p h a t e  i n  d i l u t e  
s u l p h u r i c  a c i d .
The s o l u t i o n  sp e c t ru m  o f  ’p u r p l e ’ M ^U C l^ .  4 - 5 ^ 0  
i n  m e th an o l  ( F i g .  31) i s  v e r y  s i m i l a r  to  i t s  r e f l e c t a n c e  
s p e c t ru m  ( P ig .  25)9 showing th e  i n t e n s e  band a t  18,000cm. "“**• 
I t  would a p p e a r  t h a t  a s i m i l a r  complex i o n  t o  t h a t  i n  
t h e  s o l i d  i s  a l s o  p r e s e n t  i n  s o l u t i o n .  The b and  a t  
18,000cm.~ i s  a b ou t  t e n  t im e s  more i n t e n s e  ( £  = 9 1 1 ) ,  
i t s  i n t e g r a t e d  i n t e n s i t y  i s  even  h i g h e r , t h a n  t h e  o t h e r  
f  -  f  bands and i t s  i n t e n s i t y  i s  v e r y  s i m i l a r  to  t h o s e  
i n  th e  u l t r a v i o l e t  which a r e  c o n s i d e r e d  t o  be due to  
L a p o r t e - a l l o w e d  f  -  d t r a n s i t i o n s .  A l th o u g h  i t  i s  
d i f f i c u l t  t o  i d e n t i f y  th e  t r a n s i t i o n  which g i v e s  r i s e  
t o  t h i s  i n t e n s e  ban d ,  i t  i s  most  p r o b a b l y  due t o  a
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L a p o r t e - a l l o w e d  f  -  d t r a n s i t i o n  (88) r a t h e r  t h a n  t o  
e l e c t r o n  t r a n s f e r  e f f e c t s  (2 2 2 ) .  I f  th e  t r a n s i t i o n  
were due t o  e l e c t r o n  t r a n s f e r  f rom  t h e  u r a n i u m ( l l l )  i o n  
to  c h l o r i d e ,  t h e n  on s u b s t i t u t i o n  o f  "bromide f o r  c h l o r i d e  
th e  t r a n s i t i o n  would he e x p e c te d  to  move t o  h i g h e r  
e n e rg y .  S h i l o h  and Marcus (92) have  shown, however ,  
t h a t  i n  th e  c a s e  o f  b rom ide  th e  t r a n s i t i o n  moves, i f  
a n y t h i n g ,  t o  lo w er  energ jr .
I n  o r d e r  t o  see  w h e th e r  ’p u r p l e ? NH. UC1 .i4~5H 0
*-!* —r
c o n t a i n e d  th e  UC1. ~ i o n  i n  s o l u t i o n ,  c o n d u c ta n c ek
m easurem ents  were made i n  "both m e th a n o l  and e t h a n o l .
I n  m e th an o l  and e t h a n o l  a t  18° th e  d o u b le  c h l o r i d e  
gave  m o la r  c o n d u c ta n c e s  o f  301 and 110 crn^ m o le“ ^ ohm“ ^ 
r e s p e c t i v e l y .  I n  g e n e r a l  t h e  f o l l o w i n g  v a l u e s  (223) 
would he e x p e c t e d  f o r  th e  v a r i o u s  e l e c t r o l y t e  t y p e s :
I n  m e th an o l  f o r  u n i  -  u n i v a l e n t  e l e c t r o l y t e s  / \ ^ 8 0  -  120
f o r  u n i  -  d i v a l e n t  e l e c t r o l y t e s / V i a .  165 -  2k5
>o
I n  e t h a n o l  f o r  u n i  -  u n i v a l e n t  e l e c t r o l y t e s  A. UO 
f o r  u n i  -  b i v a l e n t  e l e c t r o l y t e s / V  ,fe& 80
■ f >°n n lx
(cm^ m o le -*' ohm” 1*) 
C l e a r l y  th e  v a l u e s  found f o r  t h e  d o u b le  c h l o r i d e  a r e  
to o  h i g h  f o r  1 :1  e l e c t r o l y t e s  a s  would be r e q u i r e d  
i f  t h e  UCl^” i o n  were p r e s e n t .  I t  can  be c o n c lu d e d  
t h a t  a t  l e a s t  2 :1  e l e c t r o l y t e s  a r e  p r e s e n t .  Even i f  t h e  
UCl^” i o n  i s  p r e s e n t  i n  th e  s o l i d ,  i t  -appears t h a t  i n  
m e th a n o l  and e t h a n o l  s o l u t i o n  some s o l v o l y s i s  o c c u r s  
and s p e c i e s  such, as UC1^+ and UCl^* a r e  fo rm ed .  T h is
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i s  i n  agreem ent  w i t h  t h e  f i n d i n g s  o f  S h i l o h  and Marcus 
(9 2 ) .  I t  f o l l o w s  t h e r e f o r e  t h a t  th e  e x t i n c t i o n  coeff-r  
i c i e n t  found  f o r  th e  1 8 , 0 0 0 c m . h a n d  may he low.
A t te m p ts  were made t o  ru n  th e  s o l u t i o n  s p e c t ru m  o f  th e  
d o u b le  c h l o r i d e  i n  m e th a n o l  s o l u t i o n  c o n t a i n i n g  e x c e s s  
c h l o r i d e  i o n  to  s u p p r e s s  th e  s o l v o l y s i s .  T h is  was 
p r o v i d e d  hy th e  v e r y  s o l u b l e  t e t r a e th y la m m o n iu m  c h l o r i d e , 
s i n c e  t h e  a l k a l i  c h l o r i d e s  ( w i t h  t h e  e x c e p t i o n  o f  l i t h i u m )  
a r e  o n ly  s p a r i n g l y  s o l u b l e  i n  m e th a n o l .  U n f o r t u n a t e l y ,  
however ,  th e  s o l u t i o n  o f  t h e  d o u b le  c h l o r i d e  was much 
l e s s  s t a b l e  t h a n  i n  m e th a n o l  a lo n e  and i t  o x i d i s e d  
b e f o r e  th e  s p e c t r u m  co u ld  be  o b t a i n e d .
The r e d  s o l u t i o n  o f  t h e  ammonium d o u b le  s u l p h a t e  i n  
11N h y d r o c h l o r i c  a c id  a t  0 °  ( F i g .  2 8 ) was much l e s s  
s t a b l e  t h a n  i n  d i l u t e  a c i d ,  s i n c e  i t s  c o l o u r  f a d e d  soon  
a f t e r  p r e p a r a t i o n ,  and i t s  sp e c t ru m  i n d i c a t e d  a p p r e c i a b l e  
amounts o f  u r a n i u m (IV) t o  be p r e s e n t .  N e v e r t h e l e s s ,  
by  r a p i d  m a n i p u l a t i o n  w i t h  more c o n c e n t r a t e d  s o l u t i o n s  
o f  th e  d o u b le  s u l p h a t e ,  i t  was p o s s i b l e  t o  i s o l a t e  
p u re  d o u b le  c h l o r i d e s .
( f ) S p e c t r a  o f  U r a n i u m ( l l l )  i n  Bromide S o l u t i o n s
The r e d  s o l u t i o n s  o f  NH, UClj .li--5H90 i n  9N h y d r o --i *4- (£-
b ro m ic  a c id  gave a s o l u t i o n  s p e c t r u m  a lm os t  th e  same 
as  t h a t  o f  th e  s im p le  h y d r a t e d  u r a n i u m ( l l l )  i o n .  No 
i n t e n s e  band a t  1 8 , 0 0 0 c m . w a s  o b s e r v e d  and t h i s  i s  i n  
ag reem ent  w i t h  e a r l i e r  worm by  J o r g e n s e n  ( 8 8 ) .  The
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u ra n iu m  ( I  I I )  i o n  i n  12ET L iB r  s o l u t i o n s ,  how ever ,  i s  
r e p o r t e d  (92) to  g iv e  a r e d - p u r p l e  s o l u t i o n  w i t h  an 
i n t e n s e  hand a t  1 8 , 2 8 0 c m . A t t e m p t s  t o  r e p e a t  t h i s  
work by  d i s s o l v i n g  NH^UCl^.i|.-5H20 i n  12N L iB r  r e s u l t e d  
i n  v i g o r o u s  o x i d a t i o n  to  u r a n iu m ( I V ) .  The same r e s u l t  
was o b se rv e d  w i t h  12B L iC l ,  and b o t h  e x p e r im e n t s  were 
checked  on a number o f  o c c a s i o n s .
3* I n f r a - r e d  S p e c t r a  o f  U r a n i u m ( I I I )  S u l p h a t e s  and 
Double S u l p h a t e s  
The f r e e  s u l p h a t e  i o n  b e lo n g s  t o  th e  h i g h  symmetry 
p o i n t  group  T^ and g roup  t h e o r y  p r e d i d t s  f o u r  v i b r a t i o n a l  
f r e q u e n c i e s  ( 2 2 6 ) .  These a r e  c o n s i d e r e d  (226) (227)  to  
o c c u r  as  f o l l o w s :
S t r e t c h i n g  mode ^  c a .  980cm.
Bend ing  ,f ^  (E) ca .420cm .
S t r e t c h i n g  ,f ^  (T^) c a .  1100cm. ^
Bending  ir ^  (T^) c a .  6 20cm.
Of t h e s e  %  a n d > l  a r e  i n f r a - r e d  a c t i v e  b u t  th e  i n a c t i v e  
modes ^  and can  o c c u r  i n  t h e  c r y s t a l  s p e c t r u m .
Thus ^  i s  u s u a l l y  p r e s e n t  i n  th e  i n f r a - r e d  s p e c t r u m  
a l t h o u g h  i t s  i n t e n s i t y  may be weak. On c o o r d i n a t i o n  
o f  th e  s u l p h a t e  i o n  t o  a m e t a l ,  and a r e  s p l i t  
i n t o  two o r  t h r e e  components a c c o r d i n g  t o  w h e th e r  th e  
symmetry has  b e e n  lowered  t o  C (m onoden ta te  s u l p h a t e )  
o r  C2v ( b i d e n t a t e  o r  b r i d g i n g  s u l p h a t e )  ( 2 2 8 ) .  The 
T^ symmetry may a l s o  be lowered  by  o t h e r  i n f l u e n c e s
-  1 7 0  -
su ch  as d i s t o r t i o n  o f  th e  s u l p h a t e  t e t r a h e d r o n  i n  t h e  
c r y s t a l  l a t t i c e  ( 2 2 9 ) (2 3 0 ) ( 2 3 1 )? o r  an unsym if ie t r ica l  
a r r a n g e m e n t  o f  w a t e r  m o le c u l e s .
TABLE 211-
C o r r e l a t i o n  T ab le  F o r  I n f r a - r e d  A c t iv e  V i b r a t i o n s  (226) 
S p e c i e s  
F r e e  S u lp h a te  
M onodenta te  
B i d e n t a t e
The number and ty p e s  o f  v i b r a t i o n s  e x p e c t e d  f o r  t h e  
s u l p h a t e  i o n  u n d e r  d i f f e r e n t  symmetry c o n s i d e r a t i o n s  
a r e  g i v e n  i n  T ab le  2k*
I n s p e c t i o n  o f  F i g s .  33 t o  33 show t h a t  w i t h  t h e  
e x c e p t i o n s  o f  th e  compounds 3^ 280^ . U^SO ^)^ .xH^O and 
K ^ U ( S O ^ ) ^ . t h e  h y d r a t e d  u r a n i u m ( l l l )  s u l p h a t e s  
and doub le  s u l p h a t e s  show b r o a d  a b s o r p t i o n s  i n  t h e  
1100cm. and 6 50cm."”'1' ( * ) ^ )  r e g i o n s ,  t y p i c a l  c f
i o n i c  s u l p h a t e s .  Any s l i g h t  s p l i t t i n g s  o b s e r v e d  a r e  
b e s t  i n t e r p r e t e d  i n  terms o f  d i s t o r t i o n s  i n  t h e  c r y s t a l  
l a t t i c e  o r  f rom  i n t e r a c t i o n s  s u c h  as h y d ro g en  b o n d in g ,  
w i t h  n e ig h b o u r i n g  w a t e r  m o l e c u l e s .  F u r t h e r ,  t h e  
a b s o r p t i o n s  i n  th e  r e g i o n  o f  ^  a r e  on ly  v e r y  weak. 
S u r p r i s i n g l y ,  t h e  sp e c t ru m  o f  U^SO, ) , . 2 H Q0 shows o n ly  
i o n i c  s u l p h a t e  ( F ig .  33)* From th e  s i m i l a r i t y  o f  th e  
r e f l e c t a n c e  s p e c t r a  o f  t h i s  compound and K^U(SO^)^ . 'H ^O’ 
( s e e  p .  153) some i n t e r a c t i o n  o f  the  s u l p h a t e  and
Synmetry ^  ^
-  -  * 2 * 2
C3v A1 3 k\  + 3 A1+:E
° 2 v  A1 Al  W B2 Al +Bl +B2
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TABLE 25
A ss ignm en ts  o f  t h e  hands  i n  t h e  i n f r a - r e d  s p e c t r a  o f  
t h e  u r a n i u m ( I I I )  and u r a n i u m ( IV) s u l p h a t e s .  F r e q u e n c i e s  
i n  wavenumbe r s  ( cm. ~1 ) .
Compound
V i b r a t i o n s  1
S t r e t c h i n g S t r e t c h i n g
. . . . . . .
B ending
. %  f
U2 ( S ° p y 8H2° 1013  w 1163 sh  
1125 sh  
1098 w ,sh  
1078 s , h  
1014.3 s h
662  m 
606  vh
u ( s o p 2 .WJ2 o 1010  w 1235 w ,sh  
1197 w ,sh  
1126 w ,sh  
1087 h , s  
1027 b , s
638  s h  
6 II4 w,b 
3 8 I4 w,h
U (S 0^ )2 .8H20 967 w 1176 s h  
III49 v b , s  
1026
s p , s
1010
631  wh 
606  wb
0 2 ( S ° P 3 .2H2° 1011 sh 1126 vh 
IO6I4 s h
614.1 wvh 
397 wh
1
s = s t ro n g *  m = medium, w = weak, sh  = s h o u l d e r ,  h  = h r o a d ,  
sp  = s p l i t ,  and v = v e r y .
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TABLE 26
A ss ignm ents  o f  th e  hands  i n  th e  i n f r a - r e d  s p e c t r a  o f  
t h e  u r a n i u m ( I I I )  d o ub le  s u l p h a t e s .  F r e q u e n c i e s  i n  
wavenumbers (cm .- 1 ) .
!
Compound
j
1
i
V i b r a t i o n s
S t r e t c h i n g
V i
S t r e t c h i n g
%
B ending
V * ,
Ka2SO1;. 0 2 (SO4 ) 3 . i lH2O
I
980 s h 121U s h  
1136 b s  
1093 Ls 
1053 sh
6U9 m 
6 l 6 s h1
392 m
Ii2S0v U2 (S0p 3 . 10H20 973 m 1208 s h  
1117 s yb 
1087 b , s t  
1053 b ^ s l
650  m,b 
612  s h  
392 m?b
K 5 U ( S ° u V  ' H2° '
966 s 1168 s
sp
1111 s 
10U0 s
637 m 
616 m 
601 s
3K2S C y U 2 ( S 0 p 3 .xB20 967 m 
9k3 sh
1210 m 
l l 6 0  w 
1137 m 
1113 w 
1070 m 
1033 m 
1012 s h  
1000 sh
633  m,b
612 v/,b 
382 wsb
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rj-ABLS 26 ( Gontd . )
Comp ound
i
!
V i b r a t i o n s
S t r e t c h i n g
V,
S t r e t c h i n g
U
t  ■ i
i  ■
Bending
.. .
R-b2S04 .U2 (S0^ ) 3 . 8H20 980 vw 1220  sh  
1133 s h  
1089 s , h
61+5 m5b
sp
636  ra,b
625 s ? h  
602  m*h
Cs2SO. .U2 (SO^)3 - 11H 0 986 w 1198 sh  
.111+0 sh  
1091+ sh  
1081  s , h
61+5 m,h
sp
637 m,*b 
625 m 
6 l 6 s h
606  eh
(EH1+) 2S ^ . 0 2 (S°u ) 3 . 9 h 20
!
985 w 1186 sh
111+7 s h  
1101+ s*h 
1070  s h
61+1+ m,h 
637 s h  
621  sh  
611+ m,h
(x2n5)2sok .u2(sok )3. w 2o
j
.............. - ________  - - ........  i
990  vw 112i+ s ?b
1033 s ?h 
1103  sh  
1082  sh
652  Wj"b
6 l 6 s h  
595 w,h
tf
Pig. 33
Infra-red S-pectra of:
(o) U(SO, ) *8H 0 (d) U(SO, ) .Itfi 0
1200 1000 650 600 cm-'*'
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u ran ium  i o n s  m ight  have  "been e x p e c te d  a l s o  i n  th e  c a se  
o f  2H20. The absence  o f  s p l i t t i n g  c o u ld  he
e x p l a i n e d  i f  a l l  t h e  oxygen atoms o f  the  s u l p h a t e  i o n  
were i n  th e  same e n v i ro n m e n t ,  i n  which c a s e  th e  T^ 
symmetry would he  e f f e c t i v e l y  u n a l t e r e d .  P r e l i m i n a r y  
X - ra y  powder p h o t o g r a p h  s t u d i e s  on U2 (S 0 ^ )^ .  2H20 gave 
o n ly  a d i f f u s e  p a t t e r n ;  no l i n e s  c o u ld  he d i s c e r n e d .  
Th is  p r o b a b l y  i n d i c a t e s  c o n s i d e r a b l e  d i s t o r t i o n  o f  
th e  c r y s t a l  l a t t i c e .
The s p e c t r a  o f  th e  p o t a s s i u m  do u b le  s u l p h a t e s  
( P ig .  3k) a r e  o f  s p e c i a l  i n t e r e s t .  The 3 : 1  ’compound’ 
3K2S0^.U2 (S 0 ^ )^ .x K 20 was p r e p a r e d  many t i m e s .  I t  was 
i n i t i a l l y  c o n s i d e r e d  a d e f i n i t e  compound, a l t h o u g h  th e  
s m a l l  amount o f  u ran iu m ( lV )  i m p u r i t y  p r e s e n t  made th e  
number o f  w a t e r  m o le c u le s  u n c e r t a i n .  The l a r g e  number 
o f  bands  i n  t h e  1 1 0 0 c m . r e g i o n  o f  th e  s p e c t r u m  a r e  
d i f f i c u l t  t o  a c c o u n t  f o r  e x c e p t  by  assum ing  t h a t  t h e  
s u l p h a t e  i o n  i s  p r e s e n t  i n  a number o f  d i f f e r e n t  
e n v i r o n m e n t s .  While  th e  work was i n  p r o g r e s s  some 
R u s s i a n  w orke rs  (135) r e p o r t e d  a compound 
d e s c r i b e d  as a s u l p h a to - c o m p l e x ,  b u t  no i n f r a - r e d  
r e s u l t s  were g i v e n .  Then, s i n c e  u r a n i u m ( I I l )  fo rm s 
d o u b le  s u l p h a t e s  g e n e r a l l y  w i t h  1 :1  s t o i c h i o m e t r i e s  
i t  was t h o u g h t  t h a t  l i k e  th e  p l u t o n i u m ( l l l )  p o t a s s i u m  
d o u b le  s u l p h a t e s  (p.  3 8 ) t h e  p h ase  c o r r e s p o n d i n g  t o  
t h e  3 : 1  d o u b le  s u l p h a t e  m igh t  be  an e q u i m o l e c u l a r  
m ix t u r e  o f  t h e  1 :1  and 5 : 1  d o u b le  s u l p h a t e s .  3y
-  JL f  O  -
FiR- 3h 
I n fr a -r e d  S-pectra o f :  v
j ___________ i________________________  ' ■ ■ . .___________l__________• . -________  t
1200 1000 650 600 cm“^
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a l t e r a t i o n  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s , the  compounds
K2 SCV u 2 ( ^ 0 ^ ) 3 .  3-OH2 0  anc3 K5 U ( SOi4. ) i | ’ *H 2 ° ? w e r e  p r e p a r e d .
The f i r s t  c o n t a i n e d  o n l y  i o n i c  s u l p h a t e  ( f i g .  3k) l i k e  
t h e  o t h e r  1 :1  d o u b le  s u l p h a t e s ;  however* th e  s e c o n d ,  
a s  e x p e c t e d ,  showed marked s p l i t t i n g s  o f  ^  a n d i n t o  
t h r e e  components ;  a n d ' V  was e x c e p t i o n a l l y  s h a r p .  I t  
i s  l i k e l y  t h a t  the  symmetry o f  t h e  s u l p h a t e  i o n  h a s  b e e n  
low ered  to  Q^ Y c o o r d i n a t i o n  t h r o u g h  two oxygen a tom s.  
D i s t i n c t i o n  be tw een  b r i d g i n g  and b i d e n t a t e  s u l p h a t e  
h o w ev er ,  i s  n o t  p o s s i b l e  f rom  i n f r a - r e d  e v id e n c e  a l o n e .
I t  now seems l i k e l y  t h a t  3K SO, .U_(SO,  ) , . x H o0 i s  an2 4 <d 4  j
e g u i m o l e c u l a r  m i x t u r e .
The u ran iu m ( lV )  su l io h a te  U(SO; Jg.i-iHgO, b a s  been  
s a i d  t o  c o n t a i n  (1U0) b r i d g i n g  s u l p h a t o - g r o u p s ; how ever ,  
t h e r e  i s  l i t t l e  s u p p o r t i n g  i n f r a - r e d  e v i d e n c e .  Only 
b ro a d  a b s o r p t i o n s  a r e  o b se rv ed  i n  th e  ^  and r e g i o n s  
a n d 'y t  i s  v e r y  weak ( P i g .  33)•  S i m i l a r l y ,  b i d e n t a t e  
s u l p h a t e  i s  th o u g h t  (llj.0) t o  be  p r e s e n t  i n  UCSO^^* Ol^O.
The i n f r a - r e d  sp e c t ru m  o f  t h i s  compound shows some s p l i t t i n g  
o f  jZ and y  i n t o  two b ro ad  components .  T h is  i s  most
/ 3  A -
p r o b a b ly  due to  i n t e r a c t i o n  o f  t h e  s u l p h a t e  i o n  w i t h  
w a t e r  m o le c u l e s ,  r a t h e r  t h a n  t o  c o o r d i n a t i o n  w i t h  t h e  
m e t a l .  .
A l l  t h e  u r a n i u m ( I I I )  s u l p h a t e s  and d o u b le  s u l p h a t e s  
p r e p a r e d  c o n t a i n e d  w a t e r ,  and i n f r a - r e d  a b s o r p t i o n s  
were  fo u n d ,  as ex-pec t e d ,  n e a r  3 3 0 0 cm. and 1620cm. “ •*
The caes ium  d o u b le  s u l p h a t e  shows an i n t e r e s t i n g  s p l i t t i n g
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I n fr a -r e d  Sp ectra  o f :
■ ( i )  H b 2 S 0 u . U 2 ' ( S 0 ^ ) 3 . 8 H 2 0 .  ( 3 )  C s 2 S 0 u . U 2 ( S 0 u ) 3 . U H 2 0
(k) (NHu)2so4 .u2 (so^)3 .9H2o (i)  (h2h5 ) 2so^.u2 (sou)3. uh2o
 1—___ I—____ t„—-___t
1200  1000 650 600 cm"“^
-  179 -
o f  th e  H -  0 -  H s c i s s o r i n g  mode i n t o  two components  a t
—11621 and 1667cm. T h is  may i n d i c a t e  th e  p r e s e n c e  o f  
two d i f f e r e n t l y  hound ty p e s  o f  w a te r  m o le c u l e s .
F i n h o l t  e t  a l . , (232) s u g g e s t e d  t h a t  c o o r d i n a t e d  
w a t e r  does n o t  a b s o r b  i n  th e  900 to  1500cm."*1 r e g i o n ,  
so  any a b s o r p t i o n s  i n  t h i s  r e g i o n  a r e  due to  s u l p h a t e .  
C o o r d in a t e d  w a t e r  i s  c o n s i d e r e d  t o  a b s o rb  i n  t h e  i+00 t o  
900cm.*“1 r e g i o n  (232) (233)  and Such a b s o r p t i o n s  have  
b e e n  a t t r i b u t e d  t o  ’ t w i s t i n g *  o r  ’w a g g in g ’ modes.
S in c e  t h e s e  low f r e q u e n c y  v i b r a t i o n s  a r e  r e l a t i v e l y  
weak and t h e  s u l p h a t e  i o n  a l s o  a b s o r b s  i n  th e  same r e g i o n  
i t  i s  d o u b t f u l  w h e th e r  the  a b s o r p t i o n s  due to  c o o r d i n a t e d  
w a t e r  cou ld  be  d i s c e r n e d .
-!-• F a r  I n f r a - r e d  S p e c t r a l  S t u d i e s  o f  U r a n i u m ( l l l )
Double  S u l p h a t e s  and Double  C h l o r i d e s
The d o u b le  s u l p h a t e s  a l l  have  v e r y  s i m i l a r  f a r
i n f r a - r e d  s p e c t r a ,  showing b ro ad  e n v e lo p e s  c e n t r e d  a t
190 t o  2 0 0 cm .-1 which e x te n d  from 110 t o  230cm.~1
ITone o f  th e  bands a r e  w e l l  r e s o l v e d .
’P u r p l e ’ RbUCl, . U-5H 0,  on th e  o t h e r  h a n d ,  shows •4- 2
a number o f  w e l l  r e s o l v e d  b a nd s  i n  th e  r e g i o n  170 t o
250cm. *"1 ( s e e  T ab le  27) • The bands  a t  230cm."’1 and
196cm."*1 a r e  p a r t i c u l a r l y  s t r o n g .  The Raman s p e c t ru m
shows a s i n g l e  s t r o n g  l i n e  a t  232cm.""1 . I n  c o m p a r is o n
th e  ’g r e e n ’ RbUCl, . ca .6 l l  0 shows no w e l l  r e s o l v e dk 2
i n f r a - r e d  bands  and the  s t r o n g  Raman l i n e  i s  a b s e n t .
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TABLE 27
P a r  i n f r a - r e d  and Eaman s p e c t r a  o f  the  u r a n i u m ( I I I )  
d o u b le  s u l p h a t e s  and d o u b le  c h l o r i d e s  i n  t h e  r a n g e  
33 ~ UOOcm.-1
! '
Compound
I n f r a - r e d  
F r e q u e n c i e s  
cm. *“•*-
Raman
F r e q u e n c i e s
cm.
.
' P u r p l e ' RbUCl, . b-5S.^ 230 s 
20i| sh  
196 s 
166 m 
130 s 
122 s 
102 m
232 s
,
* G r e e n 1 RhUCl^. ca .6H^0 6rocxcL QxGsorjdUor 
cevvtrecl cwrouhcl
12)0
v no "bands i n  
th e  r a n g e  
200- 3 0 0 cm.
u2 (sou).3 . zh2o ■broad a h s o r p t i c  
c e n t r e d  around  
190
)n
----------- ---------  ,
I ^ S O ^ . I ^ S O ^ ) ^ .  lOHgO I "broad a h s o r p t i c
| c e n t r e d  around
190 -  200
!
> n
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TABLE 27(Conta.1
r -------------
| Comp ound
F a r  i n f r a - r e d  
F r e q u e n c i e s  cm.“ ^
3K2so4 . U2( sou )3 . xh2o b ro a d  abs o p t i o n  
c e n t r e d  a round  200
i
’V "broad a b s o r p t i o n  
c e n t r e d  a ro u n d  190
RbgSO^.OgtSO ) . 8H20 b ro a d  a b s o r p t i o n  
c e n t r e d  a ro u n d  190
Cs 2 8 0 ^ . 0 2 ( 3 0 ^ . 1 1 1 1 2 0 b r o a d  a b s o r p t i o n  
c e n t r e d  a round  190
(hhu ) 2so .U g C s o ^ .g H g 0 b r o a d  a b s o r p t i o n  
c e n t r e d  a round  200
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Heavy m e t a l  -  c h l o r i n e  s t r e t c h i n g  v i b r a t i o n s  
o f t e n  a p p e a r  i n  t h e  r e g i o n  200 to  300cm. ~ ‘1-, f o r  examples 
TIClj  *" a b so rb s  a t  2 9 0 c m . a n d  101+cm.""^ i n  t h e  i n f r a -  
red s  and shows Raman l i n e s  a t  3 0 9 c m . a n d  9 0 c m . I t  
i s  g e n e r a l l y  c o n s i d e r e d  t h a t  a n t i s y m m e t r i c  s t r e t c h i n g  
v i b r a t i o n s  a p p e a r  a t  h i g h e r  f r e q u e n c i e s  t h a n  t h e  
sym m etr ic  o n e s ,  and i t  i s  t h e  l a t t e r  which a r e  u s u a l l y  
o b se rv ed  i n  t h e  Raman s p e c t r u m  b u t  n o t  i n  t h e  i n f r a - r e d .  
The Tp u r p l e ’ d o u b le  c h l o r i d e  would a p p e a r  to  be  anomalous 
i n  two r e s p e c t s ,  s i n c e  t h e  most symmetr ic  v i b r a t i o n  
a p p e a r s  a t  t h e  h i g h e s t  f r e q u e n c y  l i k e  T1G1^~, b u t  i s  
b o t h  i n f r a - r e d  and Raman a c t i v e  ( 2 3 2 c m . R a m a n ;
2 3 0 c m . i n f r a - r e d ) ,  t h e  l a t t e r  s u g g e s t i n g  a low symmetry 
f o r  th e  complex i o n .  C a r e f u l  e x a m in a t io n  o f  th e  f a r  
i n f r a - r e d  and Raman d a t a  f o r  t h e  t e t r a h e d r a l  MCI.~ 
s p e c i e s  (M = a Group I l l b  m e t a l  io n )  shows t h a t  th e
TABLE 28
I o n  o f  T„ Symmetry V i b r a t i o n s  ( c m . -Md
A1C1 -
k
GaCl, ~4
InCl.k
T1C1. ~
k
t o t a l l y  sym m etr ic  s t r e t c h i n g  v i b r a t i o n  ( y. ) which  i s
' tou)^,r
i n f r a - r e d  f o r b i d d e n  f o r  T symmetry o c c u r s  a t  a h ig h e r -d
(K) ) i (H) )£ '( I - E ) y + < ^ >
3b9 11+6 575 180 ,
3k6 Ilk 386 1U9
321 89 337 112
309 90 290 10U.
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f r e q u e n c y  t h a n  th e  a n t i s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  ( ) ^ )
f o r  th e  l i g h t e r  Group I l l b  e l e m e n t s  b u t  a s  th e  mass o f
th e  m e t a l  i s  i n c r e a s e d  V  f a l l s  i n  f r e q u e n c y  w h i l s t  
d.ee*-t5as<2£ irelauue^ vwore V'txpicH'-j so
t h a t  o f  r i s e s  suoh- t h a t  i n  T1C1, ~ t h e  sym m etr ic  /3  A U
v i b r a t i o n  i s  a t  t h e  h i g h e r  f r e q u e n c y .
A number o f  a m e r i c i u m ( I I I )  c h l o r o - c o m p l e x e s ,
CsAmCl, .ca.i4.H-O, CsAmCl, ? Cs.NaAmClr; and Cs^AmCl^ (se e  4  2 4  2 6 3 6
T able  29) h ave  r e c e n t l y  b e e n  r e p o r t e d  (11+1+). The f i r s t
- 1compound h a s  f a r  i n f r a - r e d  a b s o r p t i o n s  a t  233cm. and 
1 9 7 c m . , which  were a s s i g n e d  t o  Am -  Cl s t r e t c h i n g  
v i b r a t i o n s .  S in c e  th e  ’p u r p l e ’ RbUGl^ij.-3H^0 a b s o r b s  
s i m i l a r l y  a t  230 and 196c m . b y  a n a lo g y  t h e s e  a b s o r p t ­
i o n s  a r e  most p r o b a b l y  due t o  U -  Cl s t r e t c h i n g  v i b r a t i o n s .
TABLE 29
Compound P a r  I n f r a - r e d  F r e q u e n c i e s  (cm. “ •*•)
CsAmCl^. ca.ljH 0 2339 197
CsAmCl. 218k
CsnNaAmClr  21+22 6
Cs ^ AmCl/- 211+3 6
The i n t e n s e  b ro ad  a b s o r p t i o n  i n  t h e  v i s i b l e  s p e c t r u m
o f  ’p u r p l e '  EbUCl. .1+-5H 0 a t  18 ,000cm .- 1  i s  a l s o  a
4
good i n d i c a t i o n  o f  complex f o r m a t i o n .  ’G r e e n ’ RbU Cl^ .ca .6H ^O  
shows no w e l l  r e s o l v e d  f a r  i n f r a - r e d  o r  Raman f r e q u e n c i e s  
and th e  b r o a d  i n t e n s e  band  a t  1 8 , 0 0 0 c m . i n  t h e  v i s i b l e  
s p e c t r u m  i s  a b s e n t .  The v i s i b l e  s p e c t ru m  o f  t h i s  compound
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c l o s e l y  r e s e m b le s  th o s e  o f  th e  d o u b le  s u l p h a t e s .  L ik e  
fg r e e n 1 K b U C l^ .c a .6E^0 the  d o u b le  s u l p h a t e s  show o n ly  
b ro a d  a b s o r p t i o n s  i n  t h e  f a r  i n f r a - r e d  a round  200cm- 
I t  i s  l i k e l y  t h a t  ’g r e e n ’ RbUCl, . ca.63~LO h a s  a s h e l l  o f
—|- c .
w a t e r  m o le c u le s  around th e  u ran iu m  i o n  w i t h  c h l o r i d e  
i o n s  a t  l o n g e r  d i s t a n c e s -  I f  t h e  s u l p h a t e s  a r e  s i m i l a r  
w i t h  e s s e n t i a l l y  i o n i c  l a t t i c e  and h i g h  c r y s t a l l o g r a p h i c  
c o o r d i n a t i o n  numbers t h a n  th e  s i m i l a r i t y  o f  t h e  f a r  
i n f r a - r e d  s p e c t r a  i s  t o  be  e x p e c t e d .
The compound K^U(SO^)^. 'H^O’ , i n  which c o o r d i n a t e d  
s u l p h a t e  was s u s p e c t e d  from an e x a m in a t io n  o f  t h e  i n f r a ­
r e d  sp e c t ru m  i n  t h e  r a n g e  tj.00 t o  UOOOcm."*1-, shows o n l y  
b r o a d  a b s o r p t i o n s  i n  t h e  f a r  i n f r a - r e d  l i k e  t h e  o t h e r  
d o u b le  s u l p h a t e s .  I n  the  d o u b le  s u l p h a t e s  t h e  u ra n iu m  
atoms a re  s u r r o u n d e d  by  an en v i ro n m en t  o f  oxygen atoms 
p ro v id e d  f rom  e i t h e r  w a t e r  o r  s u l p h a t e .  The s i m i l a r  
e n v i ro n m e n ts  i n  a l l  o f  t h e s e  compounds a r e  p r o b a b l y  
r e s p o n s i b l e  f o r  th e  b ro a d  e n v e l o p e s  o f  a b s o r p t i o n .
I n  c o n c l u s i o n ,  a l t h o u g h  th e  f a r  i n f r a - r e d  d a t a  
f o r  ’p u r p l e ’ RbUCl, .I|.-5Hp0 p r o v i d e  good e v id e n c e  o f—j- ^
U -  Cl s t r e t c h i n g  v i b r a t i o n s ,  ( p a r t i c u l a r l y  i n  c o n j u n c t i o n  
w i t h  t h e  v i s i b l e  s p e c t r a )  n o t h i n g  can  be  s a i d  a b o u t  t h e  
symmetry o f  th e  complex i o n  o r  t h e  c o o r d i n a t i o n  number 
o f  t h e  u r a n i u m ( l l l )  i o n .
CHAPTER 6
COMPLEXES OP URAKIUM(III) WITH PHESAZOKE 
AKD RELATED COMPQUHDS
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1. H e x a k i s ( p h e n a z o n e ) u r a n i u m ( I I I )  C h l o r id e
’P u r p l e 1 r u b i d iu m  u r a n i u m ( I I I )  c h l o r i d e  ( 1 . 6 l g . )  
was d i s s o l v e d  i n  a s o l u t i o n  o f  6 - m o l e c u l a r  p r o p o r t i o n s  
o f  l - p h e n y l - 2 , 3 - d i m e t h y l - 5 ~ p y r a z o l o n e  (3 * 3 lg « )  i n  
’ s u p e r  d r y '  e t h a n o l  w i t h  v i g o r o u s  s h a k in g .  The r e a c t a n t s  
were c a r e f u l l y  weighed ou t  s i n c e  any e x c e s s  would he  
p r e s e n t  a f t e r  e v a p o r a t i o n  t o  d r y n e s s .  The d a r k  r e d  
s o l u t i o n  was c o o le d  i n  a ' D r i k o l d ’-m eths  h a t h  f o r  
h a l f  an h o u r  and f i l t e r e d  t o  remove th e  RbCl which  
p r e c i p i t a t e d  q u a n t i t a t i v e l y .  D u r in g  the  f i l t r a t i o n  
’D r iko ld*  was packed round t h e  f i l t e r  u n i t  t o  k e ep  th e  
s o l u t i o n  c o l d .  The s o l u t i o n  was e v a p o r a t e d  t o  d r y n e s s  
u n d e r  c o n t i n u o u s  vacuum f o r  f o u r  h o u r s  when a d a r k  
p u r p l e ,  a lm o s t  h l a c k  mass s e p a r a t e d .  I t  was d r i e d  f o r  
a f u r t h e r  e i g h t  h o u r s  a t  room t e m p e r a t u r e  u n d e r  
c o n t in u o u s  vacuum. The d a r k  p u r p l e  c r y s t a l l i n e  mass was 
powdered u n d e r  n i t r o g e n  ( u s i n g  a b l a d d e r  and rod  F i g . 3 ) .
The complex was d i f f i c u l t  t o  o b t a i n  as  t h e  s o l i d ,  
and on numerous o c c a s i o n s  o n ly  d a r k  p u r p l e  gums r e s u l t e d .  
I t  was h i g h l y  h y g r o s c o p i c  and d i f f i c u l t  to  d r y .  On 
e x p o su re  t o  a i r  th e  d a r k  p u r p l e  complex r a p i d l y  became 
g r e y ,  and ,  a f t e r  s t a n d i n g  f o r  some h o u r s ,  p a l e  g r e e n .
The complex was u n s t a b l e  e ven  u n d e r  vacuum and w i t h i n  
one o r  two days  o f  p r e p a r a t i o n  o x i d i s e d  c o m p l e t e l y .  
A n a ly ses  were pe r fo rm ed  im m e d ia te ly  a f t e r  p r e p a r a t i o n .  
C a l c u l a t e d  f o r  0 (C 1iH12I\T2O )g .C l  : C, 53*78;  H, 1+.92;
N, 11.1+0; U, l 6 . 1 5 ° / o .  Pound: C, 5 2 .5 0 ;  H, 5 - 2 0 ;
K, 1 0 .8 9 ;  U, 1 5 . 8 7 ° /o .
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2. H exak is  ( L - a m in o p h e n a z o n e ) u r a n iu m ( l I l )  C h l o r i d e
The p r e p a r a t i o n  was c a r r i e d  ou t  as i n  (1) e x c e p t  
t h a t  6 ~ m o le c u la r  p r o p o r t i o n s  o f  l - p h e n y l - 2 , 3 ~ d i m e t h y l -  
l+ -am in o -5 -p y razo lo n e  ( l « 3 3 2 g . )  and p o t a s s i u m  u ran iu m  ( I I I )  
c h l o r i d e  (0 * 5 3 6 g . )  v/ere u s e d .  A red -b ro w n  s o l u t i o n  
r e s u l t e d ,  w i t h  p r e c i p i t a t i o n  o f  the  a l k a l i  c h l o r i d e  as 
b e f o r e .  A f t e r  rem ova l  o f  KC1, and e v a p o r a t i o n  t o  
d r y n e s s  t a k i n g  t e n  h o u r s ,  a d a r k  brown, a lm o s t  b l a c k  
g l a s s - l i k e  mass rem a in ed .  T h is  complex was l e s s  s t a b l e  
t h a n  th e  phenazone  complex.  I t s  r e d -b ro w n  s o l u t i o n s  
i n  e t h a n o l  became p a l e  g r e e n  im m e d ia te ly  on c o n t a c t  
w i t h  a i r ,  and s l o w l y  t u r n e d  brown as o x i d a t i o n  o f  t h e  
l i g a n d  o c c u r r e d .  The h y g r o s c o p i c  s o l i d  complex changed 
c o l o u r  s i m i l a r l y  on e x p o s u re  to  a i r .  C a l c u l a t e d  f o r
U(C,,H N O K . C l  : C, 5 0 . 6 9 ;  H, 5 - 0 3 ;  K, 1 6 . 1 2 ° / o .
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Found: C, 5h»33l H, 5*60;  N, l 6 . 3 5 ° / o .  The a n a l y s e s  
a l t h o u g h  n o t  o f  h i g h  a c c u r a c y  s u g g e s t  t h a t  t h e  above 
f o r m u l a t i o n  i s  r e a s o n a b l e .  B ecause  o f  t h e  i n s t a b i l i t y  
o f  t h e  complex ,  r e p e a t  p r e p a r a t i o n s  had no b e t t e r  a n a l y s e s .
I f  p o t a s s i u m  u r a n i u m ( I I l )  c h l o r i d e  h y d r a t e  was 
t r e a t e d  w i t h  3 - m o l e c u l a r  p r o p o r t i o n s  o f  U-aminophenazone  
a p a l e  g r e e n  u r a n i u m ( i v )  compound r e s u l t e d .  On s t a n d i n g  m cxir 
t h i s  became brown b e c a u s e  o f  o x i d a t i o n  o f  th e  l i g a n d .
3* A t tem p ts  t o  I s o l a t e  a U r a n i u m ( i l l )  Complex W ith  
l - p h e n y l - 3 - m e t h y l - 5 - p y r a z  o lone  
l - p h e n y l - 3 - m e t h y l - 3 - p y r a z o l o n e  was p r e p a r e d  
a c c o r d i n g  t o  Vogel  (2 0 0 ) .  I t  was r e c r y s t a l l i s e d  t h r e e
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t im es  f rom  t o l u e n e ,  m.p.  126° (127° l i t e r a t u r e ) .
U s ing  t h e  method p r e v i o u s l y  d e s c r i b e d  f o r  th e  
phenazone complex ,  a d a r k  r ed  s o l u t i o n  was o b t a i n e d  
which was o n ly  s t a b l e  f o r  a bou t  t e n  m in u te s  a t  room 
t e m p e r a t u r e .  The s o l u t i o n  s p o n t a n e o u s l y  t u r n e d  g r e e n  
w i t h  e v o l u t i o n  o f  hydro gen .
k • U r a n iu m ( I I I )  T r i e t h y I p h o s p h a t e  Complex
W h e n  an aqueous s o l u t i o n  o f  ammonium u r a n i u m ( l l l )  
c h l o r i d e  was added t o  an e x c e s s  o f  ammonium t h i o c y a n a t e ,  
a d a r k ,  r e d - g r e e n  s o l u t i o n  r e s u l t e d  which  s l o w l y  e v o lv e d  
h y d ro g en .  T r i e t h y I p h o s p h a t e  (5 m l . )  i n  b e n z e n e  (5 0m l . )  
was added w i t h  s h a k i n g  when a d a r k ,  v i o l e t - b l u e  
o r g a n i c  l a y e r  s e p a r a t e d  l e a v i n g  a g r e e n  aqueous  s o l u t i o n .
A sample  o f  t h e  b lu e  s o l u t i o n  o x i d i s e d  i m m e d ia te ly  
on e x p o s u r e  t o  a i r  t o  g iv e  a p a l e  g r e e n  u ran iu m (IV )  
s o l u t i o n .  The o r g a n i c  l a y e r  was s e p a r a t e d  u n d e r  n i t r o g e n ,  
d i l u t e d  w i th  b e n z e n e ,  and th e  s o l u t i o n  s p e c t r u m  o b t a i n e d  
u s i n g  benzene  a s  r e f e r e n c e  ( F i g . 3 8 ) .
5.  M i s c e l l a n e o u s  R e a c t i o n s
A number o f  u n s u c c e s s f u l  a t t e m p t s  were  made t o  
o b t a i n  u r a n i u m ( I I I )  complexes w i t h  a v a r i e t y  o f  
o r g a n i c  l i g a n d s .
Uranium ( I I I )  su l 'p h a te  d id  n o t  r e a c t  w i t h  b o i l i n g ,  
d r y  e t h y l e n e d i a m i n e ,  and c o u ld  be  r e c o v e r e d  unchanged  
a f t e r  w ash ing  w i t h  a c e t o n e .  With  aqueous  e t h y l e n e d i a m i n e
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o x i d a t i o n  and h y d r o l y s i s  o c c u r r e d ,  and a p a l e  g re e n  
b a s i c  u ra n iu m ( lV )  s u l p h a t e  r e s u l t e d .
Agueous s o l u t i o n s  o f  t h e  ’p u rp le *  d o u b le  c h l o r i d e s  
gave  u n s t a b l e  y e l lo w -b ro w n  s o l u t i o n s  i n  th e  p r e s e n c e  o f  
t h e  d i s o d iu m  s a l t  o f  EDTA. These  s p o n t a n e o u s l y  e v o lv e d  
h y d ro g e n  and o x i d i s e d  c o m p l e t e ly  w i t h i n  two m in u te s  o f  
p r e p a r a t i o n .
A d d i t i o n  o f  a c e t y l a c e t o n e  o r  d i a c e t y l  t o  agueous  
o r  m e t h a n o l i c  s o l u t i o n s  o f  th e  do ub le  c h l o r i d e  c a u se d  
im m edia te  o x i d a t i o n  t o  g i v e  p a l e  g r e e n  s o l u t i o n s .
A d d i t i o n  o f  p y r i d i n e  o r  d i p y r i d y l  t o  s o l u t i o n s  o f  
t h e  d o u b le  c h l o r i d e s  i n  m e th a n o l  gave a p a l e  g r e e n  
p r e c i p i t a t e  and a p a l e  g r e e n  s o l u t i o n  r e s p e c t i v e l y .  
P h e n a n t h r o l i n e  gave an o ran g e  p r e c i p i t a t e  which was 
n o t  a i r - s e n s i t i v e ,  and o n l y  s p a r i n g l y  s o l u b l e  i n  
c o n c e n t r a t e d  m i n e r a l  a c i d s .  The r e f l e c t a n c e  sp e c t r u m  o f  
t h e  o range  p r e c i p i t a t e  showed o n ly  u ra n iu m ( lV )  t o  be  
p r e s e n t  and th e  p r o d u c t  was n o t  i n v e s t i g a t e d  f u r t h e r .
I t  was p r o b a b l y  a m i x t u r e  o f  UC l^(OSt) ( p h e n )^  and 
(phen.H)^UClg ( se e  I n t r o d u c t i o n  ) .
’P u r p l e ’ ammonium u r a n i u m ( I I I )  c h l o r i d e  d i s s o l v e d  
i n  d i m e t h y I s u l p h o x id e  to  g i v e  a r e d  s o l u t i o n  which  
r a p i d l y  t u r n e d  p a l e  g r e e n .  H exam ethy lphosphoram ide  
i n  m e th a n o l  gave a r e d - p u r p l e  s o l u t i o n  which  was s t a b l e  
f o r  some h o u r s ,  b u t  no s o l i d  complexes c o u ld  be  i s o l a t e d .
A l tho u gh  u r a n i u m ( l l l )  i n  d i l u t e  m i n e r a l  a c i d  i s  
r e p o r t e d  t o  complex v / i th  c u p f e r r o n ,  o n ly  a p a l e  g r e e n
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o x i d i s e d  p r o d u c t  was o b t a i n e d  i n  t h e  p r e s e n t  work. S in c e  
AnalaR c u p f e r r o n  c o n t a i n e d  a p p r e c i a b l e  q u a n t i t i e s  o f  
n i t r o s o b e n z e n e ,  a mere t r a c e  s u f f i c i n g  to  o x i d i s e  
u r a n i u m ( l l l ) 5 t h e  r e a g e n t  was n o t  s u i t a b l e .  N -B e n zo y l -  
p h e n y lh y d ro x y la m in e  behaves  s i m i l a r l y  t o  c u p f e r r o n  i n  
i t s  com plex ing  t e n d e n c i e s  and can  be  o b t a i n e d  i n  a 
h i g h  s t a t e  o f  p u r i t y  (93)•  The r e a c t i o n  w i t h  ammonium 
u r a n i u m ( I I I )  c h l o r i d e  was r e p e a t e d  u s i n g  a m e th a n o l  
s o l u t i o n  o f  t h e  above r e a g e n t ;  however ,  im m ed ia te  
o x i d a t i o n  ¥/as o b s e rv e d  w i t h  sp o n ta n e o u s  e v o l u t i o n  o f  
h y d ro g en .
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V i s i b l e  S p e c t r a l  S t u d i e s
The d a r k  p u r p l e  u r a n i u m ( l l l )  phenazone  complex 
( F i g . 3 6 ) ,  shows b r o a d  i n t e n s e  a b s o r p t i o n s  c e n t r e d  a t  
2 0 ,700cm. “ *- and 17,000cm. ""**- e x t e n d i n g  from 2i+,000 to  
1 2 , 5 0 0 c m . w h i c h  c o m p l e t e l y  o b sc u re  th e  f  -  f  b a n d s  i n  
t h i s  r e g i o n .  On o x i d a t i o n  t h e s e  b ro a d  a b s o r p t i o n s  a r e  
r e p l a c e d  b y  the  weak f  -  f  bands  o f  u r a n i u m ( lV ) ,  t h e  
c o l o u r  c h ang in g  t o  p a l e  g r e e n .  The d a r k ,  r e d -b ro w n  
l+-aminophenazone complex b eh aves  s i m i l a r l y  ( F i g .  37) 
w i t h  an i n t e n s e  b ro a d  a b s o r p t i o n  e x t e n d i n g  f rom  th e  
u l t r a v i o l e t  up t o  12,000cm"**- These  b ro a d  i n t e n s e  
a b s o r p t i o n  bands  would a g a i n  aiopear t o  be due t o  L a p o r t e -  
a l lo w e d  f  -  d t r a n s i t i o n s ,  r a t h e r  t h a n  due to  some 
ty p e  o f  c h a rg e  t r a n s f e r  phenomena ( s e e  C h a p te r  5 ) .
I n  th e  r e f l e c t a n c e  s p e c t r a  o f  t h e  u r a n i u m ( I I I )  
phenazone  and l+-aminophenazone com plexes ,  i n  a d d i t i o n  
t o  th e  b ro a d  i n t e n s e  a b s o r p t i o n s ,  c o n s i d e r a b l e  chan ges  
a r e  o b se rv e d  i n  th e  n e a r  i n f r a - r e d  r e g i o n s ,  compared 
w i t h  th e  d o u b le  c h l o r i d e s .  S in ce  th e  l i g a n d s  a r e  n o n ­
a b s o r b i n g  above 7,000cm.""**- t h e s e  changes  a r e  n o t  due to  
t h e  l i g a n d s  a lo n e .
The r e m a r k a b l y  i n t e n s e ,  v i c l e t - b l u e  c o l o u r  o f  t h e  
u r a n i u m ( l l l )  t r i e t h y I p h o s p h a t e  complex,  e x t r a c t e d  i n t o  
benzene  i n  t h e  p r e s e n c e  o f  e x c e s s  t h i o c y a n a t e  ( F i g .  3 8 ) ,  
a p p e a r s  t o  be due to  one i n t e n s e  b ro a d  band a t  17,600cm. 
which  e x te n d s  f rom  2 3 ,0 0 0  to  11+,0 0 0 c m . O n  o x i d a t i o n  
th e  complex becomes v e r y  p a l e  g r e e n  and th e  s p e c t r u m
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R ef lec tan ce  Spec tra
2 .0
(a) U ra n iu m (lII )  Phenazone Complex 
(i>) O x id a tio n  Product from (a)
0 . 8
28 20  . 16 12 
Frequency (x 10^ cm"*1 )
2 .0
frkgl 2L
Uranium ( I I I )  U-Aminophenazone Complex
0.8
O.U
20
Frequency (x 10  ^ cm”* )
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2*0
O xid a tion  Product
20 16 12 
Freguency (x 10^ cm”*'*")
S o lu t io n  Spe,etrum o f  th e  U r a n iu m ( l l l )  
T riethylphos/phate  Complex in  Benzene
-  194 -
shows th e  c h a r a c t e r i s t i c  f  -  f  hands  o f  u r a n i u m ( lV ) .  
A l th o u g h  i n t e n s i t y  m easurements  co u ld  n o t  h e  made, 
c o s i d e r a h l e  d i l u t i o n  o f  th e  s o l u t i o n  was r e q u i r e d  to  
o b t a i n  t h e  sp e c t ru m ,  i n d i c a t i n g  th e  v e r y  i n t e n s e  n a t u r e  
o f  t h e  a b s o r p t i o n .
A t te m p ts  t o  o b t a i n  th e  s o l u t i o n  s p e c t r a  o f  t h e  
phenazone  and !p-*aniinophenazone complexes were u n s u c c e s s f u l .  
A s o l u t i o n  o f  th e  ’p u r p l e ’ ammonium u r a n i u m ( I I l )  c h l o r i d e  
i n  m e th a n o l  c o n t a i n i n g  e x c e s s  phenazone  showed l i t t l e  
s p e c t r a l  change.,  a l t h o u g h  th e  c o l o u r  was c o n s i d e r a b l y  
d a r k e r  t h a n  t h a t  o f  th e  doub le  c h l o r i d e  a lo n e  i n  t h e  
same s o l v e n t .  The o n ly  s i g n i f i c a n t  change compared w i th  
t h e  d o u b le  c h l o r i d e  was an i n c r e a s e  i n  th e  i n t e n s i t y  
o f  t h e  b ro ad  band a t  1 8 , 0 0 0 c m . ( £  = 955)? a l t h o u g h  
i t s  p o s i t i o n  d i d  no t  a l t e r .  The low f r e q u e n c y  ban d s  
were a lm o s t  i d e n t i c a l  t o  t h o s e  i n  th e  d o u b le  c h l o r i d e .
I t  i s  i n f e r r e d  t h a t  the  complex i s  c o n s i d e r a b l y  
d i s s o c i a t e d  i n  m e th a n o l  s o l u t i o n .  The complex was 
i n s o l u b l e  i n  n o n - p o l a r  s o l v e n t s  such  as benzene  where 
d i s s o c i a t i o n  would p r o b a b l y  have  b e e n  l e s s  as was 
o b se rv e d  w i t h  th e  t r i e t h y I p h o s p h a t e  complex.
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TABLE 30
R eflec tan ce  s p e c t r a  o f:
( a )  U (p h e n az )g C l^  (h)  o x i d a t i o n  p r o d u c t  f rom (a)
(c)  U(ij.-amphenaz)gCl^
20 ,2 8 0  w
11 ,080  m
9?500  m
sp
9? 200 m
7 s 100 sh
6,700 w
s = s t r o n g ,  m = medium, ms = medium -  s t r o n g ,  w = weak, 
sh  = s h o u l d e r ,  h = h r o a d ,  sp = s p l i t ,  and v = v e r y .
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TABLE 51
(d) S o lu t io n  spectrum  o f  u r a h iu m ( l l l )  t r ie th y lp h o s p h a te  
complex in  "benzene
(e )  o x id a t io n  product from (d)
t ---------------------- ----------------------
( a ) ( e )
j. . r i * 1  i r , 1 , , j X. J.UJ . mi 1 ,
i
| 2l}.,i+80 s h
|
i 22 ,730  w , s h!
ii 2 2 ,320  w ,s hij 21,U60 s h
J 20,1+10 s h
j 20 ,370  w
J 19 ,69 0  sh
! 18 ,150  VY7
!j 17 ,9 5 0  vw
I 1 7 ,600  s , h
16 s 8kO sh
16 ,0 8 0  s h
1 5 ,8 7 0  w ,s h
•
1 5 ,55 0  T»
j 114,810 w H i , 790 m
I
i . ____ _________ _ _____ _
!
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TABLE 32
( f )  S o l u t i o n  s p e c t ru m  o f  I+H^UCl^.l+^H^O i n  m e th a n o l  
c o n t a i n i n g  e x c e s s  p h e n az o n e ,  p a t h  l e n g t h  = 2ram. 
r an g e  ( i )  5 0 ,0 0 0  -  1 5 , 000cm.“ •*-
c o n c e n t r a t i o n  = i+*66 x 10“ %  
r a n g e  ( i i )  1 5 ,0 0 0  -  5 3 0 0 0 cm. 
c o n c e n t r a t i o n  = 2 .6 2  x 10“ %
i (t)  ; ( f )
i_______________________  j____  - .
j j Molar  ~j f M ola r  r
jPrequency cm.- 1  E x t i n c t i o n ;  F re q u e n c y  cm.“ ^ E x t i n c t i o n  
| I C o e f f .S M  1________________ j , C o e f f . S M
i ; •
( i ) !ii ! 1 1 ,1 5 0 ! 179
l | .2,780 ii
1 1 0 ,1 5 0 9 5 .9
3 6 ,600
1i1i 9 ,5 8 0  sh
j
( 5 8 .0 )
1
3 2 ,0 0 0 9 ,3 0 0  s h (5 7 . 5 )
28 ,000 9 ,1 80  s h ! (5 0 . 1 ):
2kf900 sh (5 2 6 ) 8,U00 sh ( 6 8 .6 )
.
21,100 378 8 ,3 0 0  sh ( 8 5 . 3 )
19 ,220  sh (607) 8 ,1 2 0 106
18,14-00 91+0 7 ,1 0 0 1 0 .2
sp
18 ,000 955 lj.,700 ( 3 7 .1 )
1 7 ,200  sh (51+9) i+,!+00 3 8 .0
1 6 ,5 0 0 (323)
( i i ) 1 !
1
j
13,1+00 i 3k. 5 |
jii
1 1 ,800  sh ( 9 2 .8 )
j
j
iI
11,1+00 sh  | (139) 1 ii
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I n f r a - r e d  S p e c tra l S tu d ies
B oth  phenazone  and l+-aminophenazone g iv e  f a i r l y  
c o m p l i c a te d  s p e c t r a  i n  which  most  o f  th e  hands  a re  
d i f f i c u l t  t o  a s s i g n  u n am b ig u o u s ly .  Bands a r e  p r e s e n t  
i n  t h e  3 ,0 0 0  and 3,1+00C m . r e g i o n s  c h a r a c t e r i s t i c
o f  G -  H and N -  H s t r e t c h i n g  v i b r a t i o n s .  The c a r b o n y l
0 = 0  s t r e t c h i n g  f r e q u e n c i e s  (1 ,6 5 6  and 1,637cm. 
r e s p e c t i v e l y )  a r e  somewhat low and t h e s e  im p ly  some 
d e g r e e  o f  c o n j u g a t i o n  as i s  found  f o r  example  i n
- u n s a t u r a t e d  k e to n e s  (2 3 5 ) .  The u n s a t u r a t e d  
G = C s t r e t c h i n g  v i b r a t i o n s  ( a d j a c e n t  to  t h e  C = 0 
v i b r a t i o n s )  o c c u r  a t  1 ,575 and 1 , 5 8 5 c m . r e s p e c t i v e l y .  
There  a r e  a number o f  weak i n t e n s i t y ,  b u t  d i s t i n c t  
bands  f rom 1 ,200  to  980cm.“■■*• a t t r i b u t a b l e  t o  s k e l e t a l  
v i b r a t i o n s .  The low f r e q u e n c y  bands  i n  th e  700 t o  
8 0 0 c m . r e g i o n  p r o b a b l y  a r i s e  f rom  C -  H d e f o r m a t i o n s  
i n  th e  benzene  r i n g ,  how ever ,  d i s t i n c t i o n  f rom  N -  H
o r  o t h e r  G -  H r o c k i n g  v i b r a t i o n s  c a n n o t  e a s i l y  be
m ade .
I n  h e x a k i s ( p h e n a z o n e ) u r a n i u m ( I I l )  c h l o r i d e  ( F i g . 39 
and T ab le3 3 )  t h r e e  p o o r l y  r e s o l v e d  bands  a p p e a r  i n  t h e  
r e g i o n  o f  G = 0 and C = C s t r e t c h i n g  v i b r a t i o n s .  The 
band a t  1 , 5 7 0 c m . i s  most p r o b a b l y  due t o  C = C 
s t r e t c h i n g  v i b r a t i o n s .  The c a r b o n y l  f r e q u e n c y  a p p e a r s  
t o  be s p l i t  i n t o  two components w i th  a s h o u l d e r  a t  
1?653cm."*•*- and a s t r o n g e r  band a t  l s600cm.~‘1' I n  p h e nazon e  
t h e  s t r o n g  band i s  a t  1 , 6 5 6 cm.*"***, w i t h  a weak s h o u l d e r
__rea__Sliectra_ol
Pits . 3 .2
u n p n a 7,oti°  Hnfl
% H u jo l
^ » T.nftnazOI)°_tinmtl'Le:!{e-a
( s t r )
Phenazone
Phenazone Complex
J  ( s t r )
L—Aminophenazone
14,-Aminophenazone
Complex
8 9 
Microns (j^ )
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a t  l , 6 l 8 c m . ~ ^  T h is  may im ply  some l o w e r in g  o f  t h e  hand 
o r d e r  o f  the  c a r b o n y l  group  a r i s i n g  from c o o r d i n a t i o n  
o f  the  oxygen atom t o  u ran ium .
The s p e c t r u m  o f  h a x a k i s ( 4 - a m i n o p h e n a z o n e ) u r a n i u m ( l I I )  
c h l o r i d e  (F ig .3 9 a n d  T ah le3 3 )  shows a number o f  p o o r l y  
r e s o l v e d  hands  i n  th e  l , 6 0 0 c i m ““*L reg ion*  Those a t  
l s6 4 7 s l?63ti- and 1 , 5 9 5 c m . a r e  p r o h a h l y  a s s o c i a t e d  
w i t h  0 = 0  s t r e t c h i n g  v i b r a t i o n s  w h i l s t  t h o s e  a t  1 ,585  
and l s5 4 1 c m . a r e  most l i k e l y  to  he due t o  C = G 
s t r e t c h i n g  v i b r a t i o n s .  I n  f r e e  4 -am inophenazone  the  
G = 0 and G = C s t r e t c h i n g  f u n c t i o n s  a p p e a r  as s t r o n g  
hands  a t  1 ,637  and 1 , 5 8 5 c m . A g a i n  t h i s  b e h a v i o u r  
may i n d i c a t e  some d e g re e  o f  m e ta l - o x y g e n  b o n d in g .
The s k e l e t a l  and o t h e r  low f r e g u e n c y  v i b r a t i o n s  
o f  th e  phenazone  and 4 -am inophenazone  complexes show 
marked d i f f e r e n c e s  f rom  th e  f r e e  l i g a n d s  and t h i s  i s  
a l s o  f a i r l y  good i n d i c a t i o n  o f  complex f o r m a t i o n .
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TABLE 55
I n f r a - r e d  S p e c t r a  o f  t h e  U r a n iu m . ( l l l )  Phenazone  and 
h-Aminophenazone Complexes 
F r e q u e n c i e s  i n  wavenunibers (cm.
'
Phenazone 
. .  .................................................................
■
U (ph e n az )g C l^ h-Amino-
phenazone
U( amphena z )g C l^
1 3U15 w
i
;
;
3311 vr
3077 w
i
2976 w ,sh
2950 w
2890  w ,sh 2899 w
1658 s 1653  S,Sll 1667 s h  
1637 s
l6i+7
s p ,  s
163U
1618 sh 1600  s 1593 s h
1575 m 1570  s 1383 s 1383 s
1321 m
1 3x6 w
13U2 w
130i+ m 1307 w 130i). w
129U w ,sh 1290 vw 
1268  m
1285 w 
1267  w
1221 w 1217 m 1235 W
1175 m 1171 w 1186 m 1176  w
11J+9 w 1156 m 1137 w
1133 m 1138 w 1113 m 112k W  
1101 vw
IO96 V/
1078 m 1066 vw
i
1039 w 1072  w
i
*
2 0 2  -
TABLE__22 (Contd. )
Phenazone I U ( p h e n a z ) /.Cl_ i I 6 3 1
i+-Amino-
phenazone
i
|U ( amphena z ) 1^1
101+7 m
1021 W 
981+ w
852. w 
813 m
771 S 
737 m 
720 m 
701 w
693 w
61+0 m
617 ms
387 m 
500  mb
1027 vw 
980 vw
863 ms
787 sh  
767 s ?h
721 ms
693 ms 
677 w
652  msyh
626 s h  
6 l  6
s p , s
601+
388  ms 
1+98 mb
IO55 w 
1020 w
980 w
962 vi 
923 w 
833 w
757 s 
745 w. 
719 sh  
700  ms
671  m 
661 m
61+6 w
571 m 
501  mb
1022 w
919 v/, h 
837 w,h
758 s 
7U5 s h  
720 h , s h  
700  m
670  w 
662  w
61+3 w
615 w
571 m,vb 
300  mb
I t  has  "been shown t h a t  w i t h  an e f f i c i e n t  c e l l  and 
a low i m p u r i t y  l e v e l*  e l e c t r o l y t i c  r e d u c t i o n  to  
u r a n i u m ( I I I )  can he v e r y  n e a r l y  c o m p le te .  The low 
i m p u r i t y  l e v e l  a p p e a r s  t o  he o f  c o n s i d e r a b l e  im p o r t a n c e .  
The r e p o r t e d  i n s t a b i l i t y  o f  t h e  ch rom iu m (I I )  i o n  i n  
o x y g e n - f r e e  a tm osp h e res  was due t o  c a t a l y s i s  by i m p u r i t i e s  
o f  i t s  o x i d a t i o n  by w a t e r .  Chromium(II)  i n  d i l u t e  a c i d  
i s  s t a b l e  f o r  months ( 2 3 6 ) and a l a r g e  number o f  p u r e  
s a l t s  and complexes have  b e e n  i s o l a t e d  f ro m  aqueous 
s o l u t i o n  (195)* The s t a n d a r d  o x i d a t i o n  p o t e n t i a l s  to
t h e  n e x t  h i g h e s t  o x i d a t i o n  s t a t e  a re  a p p r o x i m a t e l y
-0.1+ and - 0 . 6 v  f o r  ch rom iurn ( l l )  and u r a n i u m ( I I l )  
r e s p e c t i v e l y .  Both  m e t a l  i o n s  a r e  th e r m o d y n a m ic a l ly  
u n s t a b l e  t o  o x i d a t i o n  by  hy d rog en  i o n s .  I n  d i l u t e  
a c i d  i n  t h e  a b sen c e  o f  i m p u r i t i e s  t h e  o x i d a t i o n  o f  
u r a n i u m ( I I I ) * l i k e  c h r o m i u m ( I I ) * i s  s u f f i c i e n t l y  s low  
t o  e n a b l e  th e  i s o l a t i o n  o f  p u re  u r a n i u m ( I I I )  s a l t s .
U r a n i u m ( I I I )  r e a d i l y  form s s p a r i n g l y  s o l u b l e
doub le  s u l p h a t e s  a n a log o us  t o  t h o s e  o f  th e  l i g h t e r
l a n t h a n i d e s  ( s e e  I n t r o d u c t i o n  p . 3k)• T h e re  i s  a l s o  a
c l o s e  a n a lo g y  b e tw een  t h e  u r a n i u m ( I I I )  d o u b le  s u l p h a t e s
and t h o s e  o f  p l u t o n i u m ( l l l )  and a m e r i c i u m ( I I I )  ( s e e
I n t r o d u c t i o n  p«33)« L ik e  th e  p l u t o n i u m ( I I I )  d o u b le
s u l p h a t e s  t h o s e  o f  u r a n i u m ( l l l )  have  a s t o i c h i o m e t r y
MnS0, .Uo (S0, )^ * 2CH 0 (M = Na* K, Rbs Cs* BH, * and N0H_)2 4 ^ 1 +  3 2 4
and b o t h  fo rm  th e  anomalous compound K^A(SO^)^ (A -  U 
and P u ) . I n f r a - r e d  s p e c t r o s c o p y  has  .shown i n  t h e  c a s e
-  20k  -
o f  u r a n i u m ( l l l ) s t h a t  th e  d o u b le  s u l p h a t e  c o r r e s p o n d i n g
t o  K^U(S0^ ) ^ . xK20 i s  an e q u i m o l e c u l a r  m ix t u r e  o f
K5U ( S O ^  and KU (SO ) g . 5 ^ 0 .
Two ty p e s  o f  u r a n i u m ( I I I )  doub le  c h l o r i d e s  have
"been p r e p a r e d ;  the  ’p u r p l e *  s e r i e s  MUC1, .U-5H 0 (M = I\fH. >
k  <■- 4-
K, and Rh) and t h e  ’green* s e r i e s  MU Cl. . ca .6H  0 (M =
Rbs and C s ) .  The fo r m e r  a r e  ana log o us  t o  th e  a m e r i c i u m ( I I I )
compound •CsAmCl. . ca.IxH 0 .  H e x a c h l o r i d e s  o f  u r a n i u m ( l l l ) , 
k  2
a n a lo g o u s  t o  t h o s e  o f  am eric ium  ( I I I )  CSjAmClg and 
CSgNaAmClg, c o u ld  n o t  he p re p a re d *
I n  a l a r g e  number o f  s o u r c e s  ( s e e  I n t r o d u c t i o n )  
t h e  u r a n i u m ( l l l )  i o n  i s  r e p o r t e d  to  he r e d  i n  s o l u t i o n *
T h is  i s  r a t h e r  m i s l e a d i n g  s i n c e  su c h  a c o l o u r  i s  o n ly  
o b se rv e d  i n  h i g h  c o n c e n t r a t i o n s  o f  HC1 ( o r  p o s s i b l y  
HBr and HC10)() .  I n  w a t e r  and d i l u t e  a c i d  th e  u ran iu m  ( I I I )  
i o n  i s  d a r k  g r e e n  o r  r e d - g r e e n  d e p e n d in g  on th e  
u ra n iu m  c o n c e n t r a t i o n  and th e  n a t u r e  o f  i l l u m i n a t i o n  
( s e e  C h a p te r  3)« The c o l o u r  o f  a v e r y  d i l u t e  s o l u t i o n  
o f  u r a n i u m ( I I I )  i s  t h e r e f o r e  g r e e n ,  and i s  e a s i l y  
c o n fu s e d  w i t h  th e  u ran iu m (IV )  c o l o u r ,  b u t  t h e  l a t t e r  
i s  u s u a l l y  much p a l e r .
The r e l a t i v e  s t a b i l i t y  o f  u r a n i u m ( I I I )  i n  v a r i o u s  
c o n c e n t r a t i o n s  o f  a c id  i s  o f  i n t e r e s t .  The u r a n i u m ( I I l )  
i o n  i s  r e a s o n a b l y  s t a b l e  i n  d i l u t e  h y d r o c h l o r i c  o r  
s u l p h u r i c  a c i d s .  .A low a c i d  c o n c e n t r a t i o n  a p p e a r s  t o  
be  n e c e s s a r y  to  p r e v e n t  th e  f o r m a t i o n  o f  i n s o l u b l e  
h y d ro x o -u ra n iu m ( lV )  s p e c i e s  s i n c e  th e  s u l p h a t e s
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o x i d i s e  a lm o s t  im m e d ia te ly  on a d d i t i o n  t o  w a t e r .  However, 
b o t h  t y p e s  o f  d o u b le  c h l o r i d e  w i l l  d i s s o l v e  i n  w a t e r  
a lo n e  w i t h o u t  o x i d a t i o n ,  and a re  s t a b l e  f o r  some h o u r s  
a l t h o u g h  th e  s o l u t i o n  sp e c t ru m  o b t a i n e d  i s  t h a t  o f  t h e  
h y d r a t e d  i o n .  The c o n c l u s i o n  t h a t  u r a n i u m ( I I I )  i s  
s t a b l e  i n  d i l u t e  a c id  and n o t  o x i d i s e d  r a p i d l y  as  was 
p r e v i o u s l y  b e l i e v e d ,  h a s  a l s o  b een  made by  o t h e r  w orke rs
( 8 7 ) (90) ( 9 2 ) .  I n  ITU HC1 (a medium i n  which  u r a n i u t y ( l l l )  
was p r e v i o u s l y  c o n s i d e r e d  most  s t a b l e ) ,  u r a n i u m ( l l l )  
g i v e s  c h a r a c t e r i s t i c  r e d - p u r p l e  s o l u t i o n s .  These  
s o l u t i o n s ,  can  be  s t a b l e  f o r  some h o u r s  i f  k e p t  c o ld  and 
f r e e  f rom i m p u r i t i e s  (m ercury  and i t s  s a l t s ) ,  a l t h o u g h  
su ch  s o l u t i o n s  a r e  n o t  as s t a b l e  as t h o s e  i n  d i l u t e  
a c i d .  T h is  i s  p r o b a b l y  t o  be  e x p e c te d  s i n c e  t h e  
u r a n i u m ( l l l )  i o n  i s  r e a d i l y  o x i d i s e d  by H+ :
U3+ + H+ = U^+ + iH2
U r a n i u m ( I I I )  s a l t s  s u c h  as th e  s u l p h a t e s  and one 
s e r i e s  o f  c h l o r i d e s  a r e  o l i v e - g r e e n  where  w a t e r  a l o n e  
i s  c o o r d i n a t e d .  These compounds have  v e ry  s i m i l a r  
r e f l e c t a n c e  and s o l u t i o n  s p e c t r a .  The p u r p l e  c o l o u r  o f  
t h e  o t h e r  s e r i e s  o f  c h l o r i d e s ,  which  i s  m a i n l y  due t o  
a b ro ad  i n t e n s e  band a t  1 8 , 0 0 0 c m . a b s e n t  i n  t h e  o t h e r  
s a l t s ,  i s  t h o u g h t  t o  be due to  th e  e f f e c t  o f  c o o r d i n a t e d  
c h l o r i d e  on t h e  f  -  d t r a n s i t i o n s .  The brown c o l o u r s  
o f  Kp.U(S0^ ) ^  and U g ^ O ^ ) ^ .  2H2O a r e  th o u g h t  t o  be  due 
t o  s i m i l a r  e f f e c t s  o f  i n t e r a c t i o n  b e tw een  th e  s u l p h a t e  
and u ran ium  i o n s .
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’P u r p l e ’ HloUCl^oL{.-5H^0 has  f a r  i n f r a - r e d  a b s o r p t i o n s  
a t  2 3 0 c m . a n d  196c m . c o n s i d e r e d  t o  he due t o  U -  C l ’ 
s t r e t c h i n g  v i b r a t i o n s .  The u r a n i u m ( I I I )  compound i s  
a n a lo g o u s  to  th e  a m e r i c i u m ( l l l )  compound CsAmCl^.ca.hH^O 
( li-iip) which has  f a r  i n f r a - r e d  a b s o r p t i o n s  a t  235cm. 
and 1 9 7 c m . a s s i g n e d  t o  Am -  Cl s t r e t c h i n g  v i b r a t i o n s .
I n s o l u b l e  u r a n i u m ( I I I )  s a l t s  such  as th e  f l u o r i d e ,  
c a r b o n a t e  and h y d r o x i d e  cou ld  n o t  be  i s o l a t e d  i n  a 
p u r e  s t a t e ,  x>artly  b e c a u s e  t h e  g e l a t i n o u s  s o l i d  c o u ld  
n o t  be f i l t e r e d  o f f  and d r i e d  g u i c k l y  enough.  Vihether 
o r  n o t  a p a r t i c u l a r  u r a n i u m ( i l l )  compound can  be  
i s o l a t e d  seems to  depend on th e  r e l a t i v e  s o l u b i l i t i e s  
o f  th e  u r a n i u m ( I I I )  and u r a n i u m ( IV) compounds. I f  t h e  
u ran ium (IV )  s a l t  i s  n o t  th e  more s o l u b l e , t h e n  s i m u l t ­
aneous  o x i d a t i o n  t o  and p r e c i p i t a t i o n  o f  th e  u ra n iu m ( lV )  
s p e c i e s  r e s u l t s  so  t h a t  a l l  th e  u r a n i u m ( l l l )  i s  r a p i d l y  
l o s t .  The f o r m a t i o n  o f  u ran iu m ( lV )  o x a l a t e  r a t h e r  
t h a n  t h e  u r a n i u m ( l l l )  compound, and th e  g r e a t e r  s o l u b i l ­
i t i e s  o f  t h e  c h l o r i d e s  compared w i t h  th e  s u l p h a t e s  i n  
'water  a r e  e x c e l l e n t  exam ples .
A l th o u g h  u r a n i u m ( I I I ) , as  e x p e c t e d ,  h a s  l i t t l e  
t e n d e n c y  to  complex w i t h  o r g a n i c  l i g a n d s ,  t h e  i s o l a t i o n  
o f  complexes w i t h  t h e  n e u t r a l ^ o x y g e n  d on o rs  phenazone  
and ix-aminophenazone shoves t h a t  t h i s  i s  p o s s i b l e .  
U r a n i u m ( l l l )  i s  r a p i d l y  o x i d i s e d  b y  c h a rg e d  oxygen 
donors  su c h  as th e  a n io n s  o f  BDTA o r  - d i k e t o n e s .  I t  
i s  n o t  p o s s i b l e  t h e r e f o r e  t o  i s o l a t e  t h e s e  c o m plexes ,
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a l t h o u g h  th e y  a r e  most  p r o b a b l y  formed i n  t h e  f i r s t  
i n s t a n t .  S u r p r i s i n g l y ,  u r a n i u m ( I I I )  c o m p le te s - ;co u ld  n o t  
be. . i s o l a t e d  i n  m e th a n o l  s o l u t i o n  w i t h  p y r i d i n e ,  
2 , 2 ’- d i p y r i d y l  o r  1 , 1 0 - p h e n a n t h r o l i n e .  The u ra n iu m ( lV )  
p h e n a n t h r o l i n e  and d i p y r i d y l  complexes c a n n o t  be 
p r e p a r e d  (19U-) i n  e t h a n o l  b e c a u s e  o f  s o l v o l y s i s ,  l e a d i n g  
t o  th e  f o r m a t i o n  o f  e t h o x y - s p e c i e s . S o l v o l y s i s  i n  
m e th a n o l  may s i m i l a r l y  p r e v e n t  th e  i s o l a t i o n  o f  th e  
u r a n i u m ( l l l )  complexes  and o t h e r  s o l v e n t s  s u c h  as THF 
may be more s u i t a b l e .  U r a n i u m ( I I I )  would a p p e a r  t o  be 
a b l e  to  form s t a b l e  complexes p r o v i d e d  i t  i s  u n a b l e  t o  
a b s t r a c t  a p r o t o n  from th e  l i g a n d  ( o r  s o l v e n t ) .
From th e  m a g n e t ic  and s p e c t r a l  p r o p e r t i e s  o f  t h e  
u r a n i u m ( l l l )  compounds p r e p a r e d ,  th e  o r b i t a l s  a p p e a r  
t o  be o n ly  s l i g h t l y  a f f e c t e d  by  l i g a n d  f i e l d s .  The 
band s  i n  t h e  r e f l e c t a n c e  and s o l u t i o n  s p e c t r a  a s s i g n e d  
to  f  -  f  t r a n s i t i o n s  change b u t  l i t t l e  f rom  compound to  
compound. S i m i l a r l y  th e  m a g n e t i c  moments, a l t h o u g h  
l e s s  t h a n  t h e  f r e e  u r a n i u r n ( I I l )  i o n  v a l u e ,  change l i t t l e  
f ro m  compound to  compound. The 6d and 5^ o r b i t a l s  a r e  
c l o s e  i n  e n e r g y ,  and f u r t h e r m o r e  th e  6d o r b i t a l s  e x t e n d  
s p a t i a l l y  t o  a g r e a t e r  e x t e n t  t h a n  th e  o r b i t a l s .
Thus t r a n s i t i o n s  to  e x c i t e d  s t a t e s  i n v o l v i n g  6d o r b i t a l s  
a r e  more s u s c e p t i b l e  to  e n v i r o n m e n t a l  e f f e c t s  t h a n  t h o s e  
i n v o l v i n g  o n l y  t r a n s i t i o n s  within*, th e  5 f - ' * o r b i t a l s .  ..i.This 
i s  a p p a r e n t  f rom  th e  v i s i b l e  s p e c t r a  o f  t h e  ’p u r p l e ’ 
dou b le  c h l o r i d e s  and t r i e t h y I p h o s p h a t e  complex.
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